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Chapter 1 
Introduction 



The Standard Model of quarks and leptons is based on some basic principles: 
special relativity, locality, quantum mechanics, local symmetries and renor- 
malizability pp. Therefore the predictions of the Standard Model "are precise 
and unambiguous, and generally cannot be modified 'a little bit' except in 
very limited specific ways. This feature makes the experimental success espe- 
cially meaningful, since it becomes hard to imagine that the theory could be 
approximately right without in some sense being exactly right." pQ The Stan- 
dard Model predicts the existence of a massive spin zero boson called Higgs 
particle. The Higgs mechanism is responsible for the masses of the weak 
interaction gauge bosons W ± and Z°, and is also sufficient to give masses to 
the leptons and quarks. The discovey of the Standard Model Higgs is then 
one of the principal goals of experimental and theoretical particle physicists. 
We could say that the Higgs mechanism is a cornerstone of the Standard 
Model. 

Among the extensions of the Standard Model that respect its principles 
and symmetries, that are compatible with present data within a region of 
parameter space, and are of interest at the large particle colliders, is the ad- 
dition of a second doublet of Higgs fields. Higgs doublets can be added to the 
Standard Model without upsetting the Z/W mass ratio; higher dimensional 
representations upset this ratio 0. 

In the Two Higgs Doublet Model there are two choices for the Higgs-quark 
interactions. In Model I, the quarks and leptons do not couple to the first 
Higgs doublet ($1), but couple to the second Higgs doublet ($2)- In Model 
II, $1 couples only to down- type quarks and leptons and $ 2 couples only 
to up-type quarks and neutrinos. If we consider the neutrinos as massless 
particles, there are no couplings between neutrinos and neutral Higgs bosons. 
The Model II choice for the Higgs-fermion couplings is the required structure 
for the Minimal Supersymmetric Model. 
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After the electroweak symmetry-breaking mechanism, three of the eight 
degrees of freedom are absorbed by the W ± and Z° gauge bosons, leading 
to the existence of five elementary Higgs particles. The physical spectrum 
of the Two Higgs Doublet Model (Model II) contains five Higgs bosons: 
one pseudoscalar A (CP-odd scalar), two neutral scalars H° and h° (CP- 
even scalars), and two charged scalars H + and H~ . In the most general 
model, the masses of the Higgs bosons, the mixing angle a (— n/2 < a < 0) 
between the two neutral scalar Higgs fields, and the ratio of the vacuum 
expectation values of the two neutral components of the Higgs doublets, tan (3 
(0 < (3 < |), are all independent parameters of the theory However, in 
the Minimal Supersymmetric Model the conditions on the potential imposed 
by supersymmetry reduces the number of parameteres to two, which may be 
chosen to be tan (3 and m H [3]. 



In this thesis we study the Two Higgs Doublet Model of type II, set limits 
to the parameter tan (3 as a function of the mass of the charged Higgs m#, 
and find interesting discovery channels in hadron colliders or muon colliders. 

All the analysis in this thesis are based on the "tree-level Higgs potential" 

The plan in my thesis is the following: 

In the second Chapter |3], using the experimental data on meson decay 
rates, mixing and CP violation in the K° and B° systems, we set limits to 
the parameter tan/3 as a function of the mass of the charged Higgs m#. 
Recent measurements of sm(2f3cKM) by the B-factories Belle [5, and BaBar 
permit us to set more stringent limits on tan (3. Pckm is an angle of the 
"unitarity triangle" . [Zj 

In the third Chapter [H], we present graphically the corresponding lim- 
its on m^o, myfi and m^o as a function of the mass of the charged Higgs, 
without considering the influence of radiative corrections. Then we calcu- 
late production cross sections, decay rates and branching fractions of the 
Higgs particles. Next, we obtain the running coupling constants and discuss 
Grand Unification. Finally, in the Conclusions, we list interesting discovery 
channels. 

In Chapter four we analyze the possibility of the construction of 
a /i + collider to detect charged or neutral Higgs bosons. The reason 
for this is that in a muon collider, the signal could be cleaner than in 
a hadron collider. Some of the production cross sections that we study 
are: fi~fi + -> h°Z°, H°Z°, H~H + , A°Z° and H^W ± . Then, we compare 
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the channel — > H T W ± (at s/s = 500GeV/c and for large values of 
tan/3) with the production processes pp — > H Zf W ± X (at the Tevatron) and 
pp — > H T W ± X (at the LHC), taking into account the tt background, to 
check the feasibility of detecting H using a muon collider. The influence 
of radiative corrections in the masses of the Higgs bosons is considered in 
all the calculations. Finally, in the Conclusions, we also check the process 
fi~fi + -> A°h°. 

NOTE : The results presented in this thesis (width decays, production cross 
sections, etc.) are calculated in detail in reference [TO] . 
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Chapter 2 



Limits on the Two Higgs 
Doublet Model from meson 
decay, mixing and CP violation 



Abstract 



We calculate the rate of n + , K + , D + and B + — > /i + z^ decays, the branching 
ratio corresponding to H + — > t + u t , and the box diagrams of B° <-> 

<-> and L>° <-> D° mixing in the Two Higgs Doublet Model (Model II). 
Using the experimental data on meson decay rates, mixing, and CP violation 
in the K° and B° systems we set competitive upper and lower limits to the 
parameter tan/5 as a function of the mass of the charged Higgs m H . 



2.1 Introduction 



The Standard Model of quarks and leptons is here to stay. This theory is 
based on principles: special relativity, locality, quantum mechanics, local 
symmetries and renormalizability^. Therefore the predictions of the Stan- 
dard Model "are precise and unambiguous, and generally cannot be modified 
'a little bit' except in very limited specific ways. This feature makes the 
experimental success especially meaningful, since it becomes hard to imagine 
that the theory could be approximately right without in some sense being 
exactly right." PP Among the extensions of the Standard Model that respect 
its principles and symmetries, that are compatible with present data within 
a region of parameter space, and are of interest at the large particle colliders, 
is the addition of a second doublet of Higgs fields. Higgs doublets can be 
added to the Standard Model without upsetting the Z/W mass ratio; higher 
dimensional representations upset this ratio. A second Higgs doublet could 
make the three running coupling constants of the Standard Model meet at 
the Grand Unified Theory (GUT) scale. A second Higgs doublet is neces- 
sary in Supersymmetric extensions of the Standard Model [2J. In this article 
we explore the limits that present data place on the parameters of the Two 
Higgs Doublet Model (Model II). [Sj In particular we consider meson decay, 
mixing and CP violation. 

All of our analysis is based on the "tree-level Higgs potential" j^j. The 
physical spectrum of the Two Higgs Doublet Model (Model II) contains five 
Higgs bosons: one pseudoscalar A° (CP-odd scalar), two neutral scalars H° 
and h° (CP-even scalars), and two charged scalars H + and H~ . In the 
most general model, the masses of the Higgs bosons, the mixing angle a 
between the two neutral scalar Higgs fields, and the ratio of the vacuum 
expectation values of the two neutral components of the Higgs doublets, 
tan/3 > 0, are all independent parameters of the theory. However, in the 
Minimal Supersymmetric Model the conditions on the potential imposed by 
supersymmetry reduces the number of parameters to two, which may be 
chosen to be tan/3 and m# jSJ. 



$r J ' V $ 2 / ' ($r)' 

Using the experimental data on meson decay rates, mixing and CP violation 
we set limits to the parameter tan /3 as a function of the mass of the charged 
Higgs m H . Recent measurements of su\{2(3ckm) by the B-factories BellejS] 
and BaBarjO] permit us to set more stringent limits on tan/3. (3ckm is an 
angle of the "unitarity triangle" . [Zj 
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2.2 Feynman rules of the charged Higgs in 
the Two Higgs Doublet Model. 

The effective Lagrangian corresponding to the H ff vertex is: 

LU±SS ' = 2vt^ {H+Vff ' Uf ( A + Bl ^ Vf ' 

+H-Vf f ,u f >(A-Bj 5 )vf} (2.1) 

where 

A = (ra r tan (3 + m f cot(3) (2.2) 

and 

B = {m f tan /3 — nif cot (3) , (2-3) 

/ = fermion (quark or lepton) and /' = antifermion (antiquark or antilepton). 
Vff is an element of the CKM matrix. 

The charged-Higgs propagator is: ij (K 2 — m 2 H + ie). 



2.3 Theory 

Consider the (B°, B°) system. B° «-> B° mixing occurs because of the box 
diagrams illustrated in Figure 12.11 The difference in mass of the two eigen- 
states that diagonalize the hamiltonian can be written in the form 



ArriB 



pBG 2 F m 2 w f 2 B m B 



6ir 2 



£&& 



S ww -2cot A (3-S 



HW 



+ -cot 4 (3-S 
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(2.4) 



The functions 



qWW I J, _J \ QHW ( 



1 7 ? 7 

^wi x n> Hi x 



h) an d S HH (x l H , zPjj, x H ^ 



are obtained from the box diagrams and are written in Appendix A. The 
Feynman rules for H ± are listed in Section 2.2. We have derived^] S ww in 
agreement with the literature j^]. The derivation of S HW and S HH is given 
in Appendices B and C ^0]- The variables of these functions are 
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m 



2 ' 
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X H — 



m 



2 ' 
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and 



2 

W — m w 

■^H — 



m 



H 



2 



where i = u,c,t. = Vn)V* d . The notation for the remaining symbols 
in (|2.4|) is standard [7 . To obtain the Standard Model [9J, omit S HW and 
S HH . is a factor of order 1. Estimates of (3 B using "vacuum intermedi- 
ate state insertion" |Hj , "PCAC and vacuum saturation" [H] , "bag model" 
"QCD corrections" [TTJ H2j , and the "free particles in a box"|8 3 models span 
the range ~ 0.4 to ~ 1. /b is the decay constant that appears in the decay 
rate for B + — > /i+z^JTj which at tree level in the Two Higgs Doublet Model 
(Model II) is: 



IT/ 12 
■p \ v ub\ ^2 2 

Y B + = — — G F m m B i 

S7T r 



m. 



m 



13+ 



Ib ~ 9b- 



m 



B+ 



rn 



tan 2 /? 



H 



(2.5) 



In the derivation of ()2.5j) we have substituted 

v(b) r{l-l 5 )u(u)^p»f B 

v (b) (1 - 7 5 ) u (u) - 



m 



B+ 



9b 



which defines the decay constants f B and g B . v (b) and u (u) are spinors, 
see Section 2. We expect f B ~ g B : for a scalar meson with the quark and 



antiquark at rest f B 



l B+ 



g B . The decays B + — > and D + — > /U+z/^ 



are not yet accessible to experiment so that f B and fjj are unknown. f B 
is estimated using sum rules or the B* — B mass difference jH], or a 
phenomenological model^Hj, or the MIT bag model[16j. These estimates 
span the range ~ 0.06GeV to ~ 0.2GeV with the convention used in reference 
[2j and in Equation ()2.5j) . 

In the "free particles in a box" [S] model (3 B — 1 (after correcting [H] 
by a color factor 4/3) and the volume of the box, i.e. the meson, is V = 
8/ ((3 B m B f B ). 

For the (B°, Bf) system: ^ = VibV*. where i = u,c, t; in ()2.4j) replace 
subscript B by B s . For the (K°, K°) system: £j = Vi S V* d where i = u,c, t; in 
()2.4|) replace subscript B by K. The CP violation parameter e[5J[I] in the 
[K°, K°) system in the Two Higgs Doublet Model is given by: 



Im (E M fcfc [S WW ~ 2 cot 2 (3 ■ S HW + j cot 4 (3 ■ S HH ] 

1 A > 



2v/2 ■ Eij [S ww - 2 cot 2 (3 ■ S HW + | cot 4 /3 • S""] 



(2.6) 



For the (_D°, Z)°) system: & = VdV^ where i = s, 6; in ()2.4|) replace 
subscript B by D and replace cot /3 by tan/5 (leave tan (3 as is in ()2.5|) ). 
The branching ratio for H + — > t + v t for m# < m t is given by 

m 2 tan 2 /3 



B(H- 



T 1 



v) 



\V CS \ a + I K& I & + m r tan 2 (3 



(2.7) 
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Figure 2.1: Feynman diagrams corresponding to 5° <-> 5° mixing in the Two 
Higgs Doublet Model, q = d or s and i, j = u, c, i. The diagrams on the right 
side interfer with a "-" sign. 
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with a = 3 [m 2 tan 2 (3 + m 2 cot 2 (3] and 6 = 3 [m 2 tan 2 (3 + m 2 cot 2 /?]. From 
the measured limit [17] on m# as a function of the branching ratio and (|2.7]1 
we obtain a lower bound of mg for each tan (3. 

Let us finally mention that the time-dependent CP-violating asymmetry 
A = (T - f)/(r + f), where T (f) is the rate of the decay B° J/if; + 
K s (B° — > J/ip + K s ), measured by CDF, Belle and BaBar is given by 
sm(2j3 C KM) ■ sin(AMt) in both the Standard Model and in the Two Higgs 
Doublet Model (Model II). This is because the dominating terms of ^jS HW 
and £,i£,jS HH have % = j = t. 

2.4 Limits 

All experimental data are taken from [2] . In order to obtain limits we assume 
conservatively 0.4 < (3 X < 1.8, and f x = g x with x = B, B s , D, K, n. These 
assumptions are not critical since the upper (lower) limits on tan/3 depend 
on terms oc tan 4 /9 (oc cot 4 (3) in ()2.4|) or ()2.5j) . We take the magnitude of 
the elements of the CKM matrix from [7] and leave the phase Z-V u b as a 
free parameter. The following calculations are made for each (m#,tan/3). 
The measured value of the parameter e determines the phase Z.V u b of the 
CKM matrix, and hence (3c km- This phase is required to be within the 
experimental bounds: 0.325 < tan(PcKM) < 0.862 at 95% confidence level 
[7]. The measured decay rates Y K and determine fx and /„- using ()2.5j) . 
The experimental upper bounds on Tb and Yd determine upper bounds on 
fs and fr> using ()2.5|) . The measured Amg and ArriK determine /3b fs an d 
PkIk using ()2.4jl . The experimental upper bound on Am^ determines an 
upper bound on ^d/d- The experimental lower bound on Am^ determines 
a lower bound on PbsIbs- From the preceding information we obtain (3k and 
a lower bound on (3 B - Then the requirements 0.4 < (3 K < 1.8, (3b < 1-8 
and 0.325 < ta.n((3cKM) < 0.862 place limits on tan/3 for each m# as listed 
in Table 12.11 The confidence level of these limits is 95%. It turns out that 
the lower limit on tan (3 is determined by the experimental lower limit of 
t an (/Sckm), and the upper limit on tan/3 is determined by (3b < 1-8. 

2.5 Conclusions 

Using measured meson decay rates, mixing and CP violation we have ob- 
tained lower and upper bounds of tan/3 for each m#. These limits are com- 
pared with the results of direct searches in Figures 12. 21 Note that the mea- 
surements of sm(2(3cKhi) by the Belle and BaBar collaborations have raised 
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m H 


= lOOGeV 


1.74 < tan/? < 67 


m H 


= 200GeV 


1.36 < tan/? < 134 


m H 


= 300GeV 


1.13 < tan/? < 202 


m H 


= lOOOGeV 


0.58 < tan/3 < 672 



Table 2.1: Limits on tan (3 for several m# from measurements of meson decay, 
mixing and CP violation. These limits correspond to 95% confidence. 
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Figure 2.2: Lower and upper limits on tan/3 as a function of the mass of the 
charged Higgs mg from meson decay, mixing and CP violation (continuous 
curve) compared to limits obtained by CDF DO^H] and LEP2[20 , all at 
95% confidence. 
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the lower bound on tan (3 by a factor w 5 with respect to our previous cal- 
culation j4]. It is important to mention that an indirect limit by the CLEO 
collaboration [21] obtained from the measurements of the h — > 37 transition, 
limits the Two Higgs Doublet Model of type II to have a charged Higgs mass 
in excess of about 264GeV/c 2 (it is a slow function of tan/3). 
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Chapter 3 



Mass constraints, production 
cross sections, and decay rates 
in the Two Higgs Doublet 
Model of type II 



Abstract 



We calculate masses, production cross sections, and decay rates in the Two 
Higgs Doublet Model of type II. We also discuss running coupling con- 
stants and Grand Unification. The most interesting production channels 
are gg — > h°,H°,A° on mass shell, and qq,gg — > h°Z and qq' — > h°W ± in 
the continuum (tho there may be peaks at m^<>). The most interesting de- 
cays are h°,H°,A° — > 66-jets and r + r~, and, if above threshold, H° — > ZZ, 
W + W~ and The following final states should be compared with the 

Standard Model cross section: bbZ , bbW ± , t + t~Z, t + t~W ± , bb, t + t~ , ZZ, 
W + W~, 3 and 4 6-jets, 2r + + 2r~, ter+r", ZW+1^-, 3Z, ZZW ± and 3W ± . 
Mass peaks should be searched in the following channels: Zbb, ZZ, ZZZ, 
bb, 46-jets and, just in case, Z7. 



3.1 Introduction 



Among the extensions of the Standard Model that respect its principles and 
symmetries, and are compatible with present data within a region of param- 
eter space, and are of interest at the large particle colliders, is the addition 
of a second doublet of Higgs fields. In this article we consider the Two Higgs 
Doublet Model of type II pQ. The Higgs sector of the Minimal Supersymmet- 
ric Standard Model (MSSM) is of this type (tho the model of type II does not 
require Supersymmetry) . The physical spectrum of the model contains five 
Higgs bosons: one pseudoscalar A° (CP-odd scalar), two neutral scalars H° 
and h° (CP-even scalars), and two charged scalars H + and H~ . The masses 
of the charged Higgs bosons m H , and the ratio of the vacuum expectation 
values of the two neutral components of the Higgs doublets, tan/5 > 0, are 
free parameters of the theory. 

In |2j we obtained limits in the (rattan/?) plane using measured de- 
cay rates, mixing and CP violation of mesons. In this article we present 
graphically the corresponding limits on m H o, m h o and m^o. Then we cal- 
culate production cross sections, decay rates and branching fractions of the 
Higgs particles. Next, we obtain the running coupling constants and discuss 
Grand Unification. Finally, in the Conclusions, we list interesting discovery 
channels. 

3.2 Masses 

The masses of the neutral Higgs particles as a function of the masses of the 
charged Higgs m H , tan/3 and the masses of Z and W, calculated at tree level, 
are: 
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Figure 3.1: Lower and upper limits on tan/? as a function of the mass of the 
charged Higgs mg from meson decay, mixing and CP violation (continuous 
curve) compared to limits obtained by CDF [3 J, D0j3j and LEP2jH], all at 
95% confidence. Taken from 



We have re derived these equations in agreement with the literature. [T] 

In Chapter two [2] we obtained the limits in the (tan/3,m#) plane shown 
in Figure EHJ From that figure and Equations 13. 1| I3~2l and 13.31 we obtain the 
limits on the masses of the neutral Higgs particles shown in Figure 13.21 

Radiative corrections can be very large. In the MSSM the largest contri- 
butions arise from the incomplete cancellation between top and stop loops. 
The corresponding plot similar to Figure 13.21 with radiative corrections can 
be found in [Hj. 
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Figure 3.2: Allowed regions of the masses of the neutral Higgs h°, H° and 
A function of the mass itlh of the charged Higgs H ± . From Figure 13.11 
and the tree level Equations 13. 1| l3~2l and 13.31 Radiative corrections raise the 
allowed region of 
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3.3 Feynman rules 

The Lagrangian for the VHH interaction is: pQ 

-ig 



C VHH = ~Y~W+ -H- d» [H° sin(a - (3) + h° cos(a - (3) + iA°] + h.c. 



. -Z„{iA° d " [H° sin(a - (3) + h° cos(a - (3)] 

2 COS U\y 

- (2 sin 2 6 W -1) ■ H-^^H + } (3.4) 

where 

A^d^B = A(d^B) - (d"A)B. (3.5) 
The Lagrangian for the VVH interaction is: 

Cvvh = (gm w W+W-"+ J mz a Z^ 

\ F ZCOSfcV 



X 



[H° cos(f3 - a) + h° sm((3 - a)] . (3.6) 



There are no vertices ZH°H°, Zh°h°, ZA°A°, ZW+H' or ZH°h°. The 
interactions of neutral Higgs bosons with up and down quarks are given by: 

£-AHhff = - — - / [u fV f(H° sin a + h° cosa) — icos/3 ■ Uf^vjA ] 



2mw cos j3 

x \ufiVj,(H Q cos a — h° sin a) — i sin/3 • Ufy 5 Vf,A°~\ (3.7) 

where f = u,c, t, u e , v T and /' = d, s, b, e~, r~ . The Lagrangian corre- 
sponding to the H ± ff vertex is: 



C H±ffl = -^—{H + V fr u f {A + B^) 



2\[2m w 

+H-V f * f ,Uf{A- Bj 5 )vf} (3.8) 

where A = (ray tan/5 + ra/ cot /3) and S = (m// tan /3 — m/cot V/// is an 
element of the CKM matrix. The Lagrangian corresponding to three Higgs 
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bosons is: 



C 



3h 



—gH°{H + H 

m z 



mw cos(/3 — a) 



m z 



2 cos 6 



cos(2/3) cos(/3 + a) 



ti- 



ir 



4cos# 
m z 

4cos# 
m z 



H°H°cos(2a)cos((3 + a) 



h°h° [2 sin(2a) sin(/3 + a) - cos(/3 + a) cos(2a)] 



ir 



cos(2/5) cos(/5 + a)} 



4 COS #iy 

-gh°{H + H 



mw sin(/3 — a) + 



m z 



2 cos 9w 



cos(2/3) sin(/3 + a) 



m z 



4 cos 6 1 
m z 



u 



/i u /i u cos(2a) sin(/3 + a) 



A cos 9 



ir 



# u #° [2 sin(2a) cos(/5 + a) + sin(/3 + a) cos(2a)] 



m z 



A A cos(2/5) sin(/3 + a)}. 



4 cos 6*vk 

Vertexes with four partons including two Higgs bosons are 



(3.9) 



?JLA»H+H- + e9C ° S ^ 9w) A^H+H- 
cos 9 w 



eg . 



sin (J3 - a) A^W^H ^ + ^ cos (J3 - a) A^W^h°H T 



2 M 



The H + H 7 vertex is 



H+H -j 



-ig sm9 w A.H-d»H + 



(3.10) 



(3.11) 



The Higgs propagators are: ij (k 2 — m 2 + is). 

Feynman diagrams corresponding to the production of Zh° are shown in 
Figures 13.31 13.41 and 13.51 Note that the invariant mass of Zh° can have a 
resonance at m^o which is an interesting experimental signature. Feynman 
diagrams corresponding to the production of W ± h° or W ± H° are shown in 
Figure 13.61 
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Figure 3.3: Feynman diagrams corresponding to the production of h° in the 
channel qq — ► h°Z°. 
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Figure 3.4: Feynman diagrams corresponding to the production of h° in the 
channel gg — ► h°Z°. Continued in Figure I3~H1 
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Figure 3.5: Continued from Figure 




3.4 Decay rates of h° 

Calculating the Feynman diagrams of Figure 13.71 we obtain the decay rate 
corresponding to h° — > gg: 



r(h° - gg) 



m^o cos 2 



1 a 



647T 3 sin 2 f3 
-r t [(r t -l)/(r t ) + 2]| 2 



tan/5tanarfe [(r& — 1) /(t&) + 2] 

(3.12) 



where 



4mj 



r,: 



m 



2 ' 



(note that T{ will change from Section to Section), 

I —2 arcsm I r,- 



if ri > 1 



if n < i, 



(3.13) 



(3.14) 



tan a 



i+£ \ 5 

1-F| ' 



(3.15) 





Figure 3.7: Feynman diagrams corresponding to the decay h° — > gg. 



1 - tan 2 (3 
l + tan 2 (3)G 



1 - 



TJlr 



H 



m 



w 



rn 



H 



(3.16) 



G 



rn 



rn 



w 



tan 2 (3 



111 H m H J m H V m H J \tail /? + 1 

Calculating the Feynman diagrams of Figure 13.81 we obtain: 

4m 



and 



r(h° 



T(h c 



\ 3GVm 2 m/,o cos 2 a , 
) = — _ c h — | 1 



y/2 ■ 4vr sin 2 (3 

^ 3G Ffnlm h o sin 2 a f 
' v/2 • 4vr cos 2 /3 V 



4m 2 \ 2 



(3.17) 



(3.18) 



(3.19) 



T (h° - r-r+) = fl - ^ § . (3.20) 

V 7 v^2 ■ 4tt cos 2 /? V 



3.5 Branching fractions of h° 

From the preceding decay rates we obtain the following branching fractions 
for the case m b ,m c ,m T <C m h o < 120GeV/c 2 : 



B (h° -> bb) 



3m 2 sin 2 a 



3m 2 sin a + 3m 2 cos 2 a cot 2 /3 + m 2 . sin a + J 



(3.21) 



9 



f 



Figure 3.8: Feynman diagram corresponding to the decays h° — > bb, cc, tt. 



and 



m 2 sin 2 a 



B (h° -> r+r") = — 1— 2 ! , ^ (3-22) 

3m^ sin a + 3m 2 . cos 2 a cot /3 + m 2 sin a + J 



where 



a 2 m 2 h0 cos 2 a 



J = - — j-^l tan /3 tana 



7r 2 tan 2 /3 

-r t {(r t -l)/(r t ) + 2}| 2 . (3.23) 

For 90 < m H < 1000GeV/c 2 , B (h° -> 66) varies from 0.856 to 0.944. Ne- 
glecting I? — > gg) and the contribution of cc we obtain 

^m 2 

B (h° -> 66) = , 6 - = 0.944 (3.24) 
3m^ + m 2 



and 

5 (h° -> r + r~) = - ''" r - = 0.056. (3.25) 
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3m 2 + m 2 

3.6 Decay rates of H ± 

The tree level Feynman diagram of Figure I3~TJ1 gives the following decay rate: 

rfH^^W^h ) = v^Gfcos 2 ^ [1+tan/3taim] 2 

v ; 167rm^(l + tan 2 /3) L H 1 

xA 3 / 2 (m 2 H ,m 2 w ,m 2 h0 ) (3.26) 

where 

A(a, 6, c ) = a 2 + 6 2 + c 2 - 2a6 - 26c - 2ca. (3.27) 
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Figure 3.9: Feynman diagram corresponding to the decay H — > W ± h°. 



W 




Figure 3.10: Feynman diagram corresponding to the decay H ± — > W ± H°. 



Similarly from the Feynman diagrams of Fi gures f3 . 1 01 and 13 . 1 1 1 we obtain 

\^2Gf (tan/3 — tana) 2 



T -> W ± H°) 



16nm 3 H (1 + tan 2 (3) (1 + tan 2 a) 

xA 3 / 2 (m 2 H ,m 2 w ,m 2 H0 ) , (3.28) 



T (H± - W±A°) = ^%A 3/2 Ko, m 2 ^, m 2 ,) . (3.29) 



167rm^ 



3.7 Decays of H". 

The tree level Feynman diagrams of Figure 13.121 give the following decay 
rates: 

r(ff « _ //) = (x - ig) 3/2 ^ (3.30) 
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W +/ " 



H +/ " 




A° 



Figure 3.11: Feynman diagram corresponding to the decay H — > V^A . 



where Nf = 3 for quarks, Nf = 1 for leptons, Bj = sin 2 a(l + cot 2 /?) for 
f — u,c, t, and B 2 - = cos 2 a(l + tan 2 (3) for f — d,s, b, e~,n~ 



T 



From the Feynman diagrams of Figure 13.131 we obtain 



V2G F a 2 8 



3 



IW" -•//'/) = ^^p^sin 2 a(l + cot 2 /3) 

x|^r b [(r b -l)/(r 6 )+2] 
tana 

+r t [(r t -l)/( rt ) + 2]| 2 (3.3i; 



where 



4m 



2 



From the Feynman diagram of Figure 13.141 we obtain 



r (#° -> 



X I 1 - h ° 



327rm#o 
4m? \ 1/2 fl-tan 2 «) 



ni 



x 



ho/ (l + tan 2 a) (l + tan 2 /5) 

4 tan a n " 

(tana + tan p) — (1 — tanatanp) 



^l + tan 2 a) (1 + tan 2 3) 
12 



(3.32) 



(3.33) 



1 — tan 2 a 

From the Feynman diagrams of Figures f3 . 151 and 13 . 1 61 we obtain 

32nm H o \ m R0 J 

(tan 2 8 — l) 2 r „ l2 

[1 -tan a tan/?] 2 , (3.34) 



where 



Wu-o rrrr\ V2G F (1 + tan (3 tana) 2 m 3 H0 

1 ( ti — > Zj Zj) = ; „ —. . n — r - 

v ; 32tt(1 + tan 2 /3) (1 + tan 2 a) 

x (l2x 2 - Ax + 1) (1 - 4x) 1/2 (3.35) 



x = ^^. (3.36) 



«%0 



4 

Similarly, from the diagram of Figure 13.171 we obtain 

*2 



r (H° ^W + W~) = ^ G ^( 1 + tan f 3tana ) m H° 



167T (1 + tan 2 /3) (1 + tan 2 a 

where 



x (I2y 2 -4y + l)(l-%) 1/2 (3.37) 



rn 



V = ^f-. (3.38) 
m z H0 

From the Feynman diagram of Figure 13.181 we obtain 

T (H° -> W^jy^l = v^Gf (tana -tan/?) 2 

' ' " 16vrm^ (1 + tan 2 a) (1 + tan 2 /?) 

xA 3 / 2 (m 2 H0 ,m 2 w ,m 2 H ) . (3.39) 
From the Feynman diagram of Figure 13". 191 we obtain 

V2G F m^r 



r (h° -> #+#-) 



x 



tan /3 tan a 



4:7im H o (1 + tan 2 /?) (1 + tan 2 a) 
(1 — tan (3 tan a) 1 — tan 2 /5 



4m 2 N 1/2 



2cos 2 6> w l + tan 2 /3_ 

The Feynman diagrams corresponding to h , H° — > 77 are shown in Fig- 
ure mm 

r(#° -> = 0. (3.41) 



3.8 Decay rates of A 

From the tree level Feynman diagram of Figure 13.211 we obtain 

y/2G r ~~ 2 



r(A°^zh°) 



167im 3 A0 (1 + tan 2 /3) 
x [1 + tan/3tana] 2 A 3/2 (m 2 A o,m 2 h0 ,m 2 z ) (3.42) 
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Figure 3.12: Feynman diagram corresponding to the decay H { 
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Figure 3.13: Feynman diagrams corresponding to the decay H' 




Figure 3.14: Feynman diagram corresponding to the decay H { 
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Figure 3.15: Feynman diagram corresponding to the decay H° — > A A . 




Figure 3.16: Feynman diagram corresponding to the decay H° — > ZZ. 




Figure 3.17: Feynman diagram corresponding to the decay H° — > W + W . 
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Figure 3.18: Feynman diagram corresponding to the decay H { 



H + 



H 



H" 



Figure 3.19: Feynman diagram corresponding to the decay H [ 
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Figure 3.20: Feynman diagrams corresponding to h°, H° — > 77. 
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From the tree level diagram of Figure 13.221 we obtain 

r {A' - ff) = ^m A ,m)A) (l - "* N, (3.43) 

where Nf = 3 for quarks, Nf = 1 for leptons, A/ = cot /3 for / = w, c, t, 
and A/ = tan /3 for / = d, s, 6, e~,(/T,T~. 

From the Feynman diagrams shown in Figure 13.231 we obtain (see Ap- 
pendix D): 



T (A° -> ZtI = V^CFQem^AO f 

1 7; 5127r 3 sin 2 %cos 2 w V 



3 / 2 \ 3 



b) 



where 



and 



V2G F a 2 e , 

7 

x | tan P{ Q - H S i n 2 0^ 1 j ( r&) A 
+ Q-2sin 2 ^/(r T ,A T )} 

+2 cot /? Q - | sin 2 (V) / (r t , At) ? (3.44) 



4m i A 4 ^ /O 

r, = A, = — ^, 3.45 

/ (r„ A,) = -^1- {/( r< ) - /(A,)} • (3.46) 
A,- — T; 



From the Feynman diagrams of Figure IH. 241 we obtain the decay rate: 



1287T 3 



T(A° - ^) = * ' ^ O |tan/3rj(r b ) + cot/3r f /(r f )| 2 . (3.47) 



T (A -> h°h°) = T (A -> H°H°) = 0. (3.48) 
From the Feynman diagram 13.251 we obtain 

r (a - w^^f) = A3/2 K«- <> O • ( 3 - 49 ) 

From the Feynman diagram 13.261 we obtain 

T (A -> v^Gf (tan/3-tana) 2 

^ ~* ' 167rm 3 (1 + tan 2 a) (1 + tan 2 /?) 

xA 3/2 (m^m^m|). (3.50) 
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Figure 3.21: Feynman diagram corresponding to the decay A 



f 




f 

Figure 3.22: Feynman diagram corresponding to the decay A 



From the Feynman diagrams of 13.271 we obtain 

'1 



r [A -> 77 ) 



\/2G F al m m 3 A0 



+ cot/3 



256tt 3 
4 



tan/? 

2 



nf(n) + r T f(r T ) 



rtfin) 
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Y 

Figure 3.23: Feynman diagrams corresponding to the decay A — > Zj. 




Figure 3.24: Feynman diagrams of A — > gg. 



W 




Figure 3.25: Feynman diagram of A — > W ± H T . 
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Figure 3.26: Feynman diagram of A — > ZH°. 




3.9 Decay Z -> h°j 



From the Feynman diagrams of Figure 13*. 281 we obtain: 



r (z -> /i° 7 ) 



y/2G F a 



em m Z 



647T 3 sin 2 6 W cos 2 6^ 
1 



1 - 



m 



h° 



m 



cos 2 a cos 2 /? 



x 



cos j3 sin /? 



[tan a tan (3 



sin 2 W F(r 6 , A fe 



+ tan a tan (3 ( - — 2 sin 2 6^ ) F(r T , A r ) 
-2 Q-l s in 2 ^)F(r 4) A 4 )] 



+ 



tan /3 — tan a + 



1 — tan 2 f3 tan /? + tan a 
1 + tan 2 (3 2 cos 2 # w 



m 



x 



2m^ 



(l-2sin 2 ^)J(r^,A^) 



1 



— - (tan (3 — tana) cos 2 #vy[4 (3 — tan 2 9w) K(tw, Aw) 



+ 



1 + 



T W 



tan 2 6 W - 5 + 



x/(t w ,a w ; 



(3.52) 



where 



4mj 



rn 



2 ' 

h° 



A,; 



4m 2 



2 ' 



Am 2 H 



m 



2 ' 
/i" 



A 



Am 2 H 



m 



2 ' 



(3.53) 



1 nA^ 



2r,-A i ( n -Ai 



+- 



1 r,Ai 



4 Ti A,- 



1 + 



n - A 



(x — l) 1 ^ 2 arcsin (x */ 2 ) 

W-*) 1,2 ~ 



z{g{Ti)-g{hi)} 
1 {/(^-/(A*)} 
if x > 1 



, j l+fl-s) 1 / 2 ] • 



if rr < 1, 



I(t h ,A h ) 



ThAh 



1 TffAg 

2(r^-A H ) (r H -A^) 2 
1 r^A 2 , 
"4(r H -A H ) 2 
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[g(r H ) - s(Atf) 



Lf(r*) - /(A H )] 



(3.54) 
(3.55) 



(3.56) 



Am 2 



T W 



w 

2 ' 
h° 



A 



4m 2 



ir 



rn 



w 

2 ' 



K(t w ,A 



w 



w , 



.[f(r w )-f(A w )}. 



(3.57) 



(3.58) 



A(t w - A w ) 

The decay width of Equation 13. 521 turns out to be negligible compared to the 
full width of Z so we can not use it to constrain the mass of h°. 



3.10 Vertex with four particles 

The decay rate corresponding to the Feynman diagram 13.291 is: 



3G% sin 2 9 W (1 + tan (3 tan a) 2 m 5 



32 (1 + tan 2 (3) (1 + tan 2 a) tt 3 (x 



W sl/2 
H I 



x{i A l (1,^,4°) (l + + 

A* (l,a#,a#)+l-a# 



+ [2x%ag-x%-a$) x In 



H X H 



X 



H 



2(«) 1/2 



x 



In 



X H X ^H 



+ a# ) + I ./■ 



„W „h° 



w„h°\ x / 2 



z \ X H X H ) 



where 



x 



w 

H 



rn 



w 



m 



2 ' 
H 



X 



h° 
H 



m 



h° 



m 



H 



13.59) 



(3.60) 



3.11 Production of if and A 



From the Feynman diagrams in Figure 13.301 we obtain 

7r 2 r {A^2g) lA 



a (pp -> AX) 



3m\ 



f 1 dx a . 2\ f 1A 2 \ 

/ g[x a ,m)gl — ,m 1 + 



_q=u,d,s,c,b 



(3.6i; 
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Figure 3.28: Feynman diagrams for Z — > h°~f. 
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Figure 3.29: Diagram for H — > W ± 7/i°. 



where A = h°,H°,A° and 7a = m\/s. Here / g is the unpolarized parton 
distribution function for quark or anti-quark q and g is the parton distribution 
function for gluons. m 2 is the factorization scale. T(h° — > gg) is given by 

(jSm, r(#° -> by (USD) , r(A° -> ^) by flUZID, r (h° -> cc) by icrm 

r (fro _^ by J3jg )> r(#° -> qq) by (EM), and finally, V (A -> gg) is 
given by ()3.43|) . 



3.12 Production of /i°Z°X 

A production channel with interesting experimental signature is 

pp — > h°Z°X. The differential cross section obtained from the Feynman 

diagrams in Figure I3~3l is 



dyd (p 



,2 



5^/ dx a f f (x a ,m 2 a ) f f (x b ,m 2 b ) 

£ " X ,-, it) j ri 



mtn - it 



x^(ff^h°Z°) (3.62) 



where / is q or g, 



dt 



_ ^~sm T ey + m 2 h0 - m| 
s — \JsmT& y 

m T = (m 2 z + p 2 T )^ , (3.64) 

i aV /sm T e _!/ + m^ - m| 

x 6 = r= , (3.65) 

x a s — ^srriTe y 
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Figure 3.30: Feynman diagrams for pp — > AX with A = A . 
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hL (/) 






4 


e", fi~, t~ 


1 

— I 5 — 


-1 


1 


-± + 2sin 2 W 


u, c, t 




2 




\ - | sin 12 W 


d, s, b 


— *1— 

2 


-V 

3 


-V 

2 


-i + fsin 2 W 



Table 3.1: Coefficients in Equation ()3.7()jl . 



(3.66) 



2 A(s,m 2 ,m 2 ) sin 2 fl 
Pt ~ 4i ' 



(3.67) 

// = - (/;/7u -h //// — — cosH.V '(.s,m^,m|)) (3.68) 

(3.69) 

y is the rapidity, 9 is the angle of dispersion, and pt is the transverse mo- 
mentum of Z°. For the light quarks u, d and s we obtain 



and 



- {m\o + m| — s — cos6A. 1 / 2 (s, 



*1 2 2,-2 

= m h om z + sp T . 



da 
di 



-Glmi 



sin 2 (P — a) 



48vrs F z ( t § 



i) 2 + m|r| 



9 A( 
H 



s,m 2 ,m| 



sin 2 fl 



(3.70) 



where gr^ = £3^ (/) and g y = £3^ (/) — 2g/ sin 2 9w- Coefficients in Equation 
()3.70|) are given in Table 13.11 The Standard Model cross section is obtained 
by omitting the factor sin 2 (/3 — a) in Equation ()3.70|) . The contributions to 
the cross section from the heavy quarks c and b are negligible. V z is the total 
decay width of the Z°. 

3.13 Production of H + 



From the diagrams in Figures 13.311 and 13.321 we obtain 

4vr 2 7^ 



a(pp -> H+X) 

1 dXn 



3m| 



q,g' 



1H Xa 



f'(xa,m 2 ) ■ fU — V) + #(*«,m 2 ) ■ f!(—,m 



(3.71) 
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Figure 3.31: Feynman diagram for pp — > H + X. 




f 

Figure 3.32: Feynman diagram for H + —>//'. 
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where 



and 



m 2 n 

1h = — (3.72) 



T(H+ - //') = T(H- - /'/) 



V2G F \V fr \ 2 N c l/2 (rr%_ rr$ 

2 ' ™2 ' 



16irmH \ m H m H 

x {A 2 [m 2 , - (to/ + m/0 2 ] + 5 2 [m\ - (rn, - m//) 2 ] } (3.73) 

with N c — 3 for quarks, N c — 1 for leptons, 

A = rn// tan/3 + to/ cot /3 (3.74) 

B = rrifi tan/3 — to/ cot /3 (3.75) 
/ = u,c,t,u e ,u^,u T , and /' = d, s, 6, e", r _ .[7j 

3.14 Production of /i°Vl/ + X 

Let us now consider the channel pp — > /i W + -X\ We obtain: 

XI / ^[/g m a) /f (»6, 



d 2 a 



dyd{p T ) 2 (/(/ . 



where 



+/| K,^) /f (?* - ^ + ) (3-76) 

'"'(,0 u ctr 



fP _ fP f P fp fP _ fp fP _ fP (o 77^ 

J q' J qii Jq Jqi Jq Jqi J q' J g/i V '/ 

_ yfhnre* + m 2 - m 2 w 

Xamin i— „, ; yo.loj 

s — i/smi-e y 

m T = (m 2 w +p|)^ (3.79) 



x a ^/ sm T e y + to^o - m 2 , 
x a s — yfsm T e y 



x b = Z."^ (3.80) 



s = x a x b s, (3.81) 
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Pt 



A (s,m^ ,m^) sin 2 9 
4l ' 



[m 2 + 



rn 



w 



s — cos9A^ 2 (s, m^o, m 2 ^ 



1 



£ = - [m 2 h0 +171^ - s + cos #A 1/2 (s,ml , m 2 ^)] 



cos 9 



Asp? 



A(s,m 2 h0 ,m 2 v ) 



1/2 



and 



ut = m h0 m w + sp T . 



(3.82) 
(3.83) 
(3.84) 

(3.85) 

(3.86) 



y is the rapidity of W + and pt is the transverse momentum of W + . From 
the Feynman diagrams of Figure l3~T)l we obtain for //' — > h°W + : 



\V ff ,\ 2 G 2 F {\C H+ \ z sA 



da 1 
di 16ns 2 

x [m 2 , tan 2 (3 + m 2 cot 2 0\ + |CV | 2 [Ssm 2 ^ + A sin 2 



-2Cjy+3fc(CW) [mj, tan /3(sA + 2m^u (s - m\ ) 
+2m^ (2m| - i)) - m) cot [3(sA + 2m 2 y t (s - 
+2m 4 w (2m 2 H o-u))} 
1 



+ -m 2 ¥ A sin 2 9 
2 

+2C H+ s 



t 2 



u 



2 2 * • 2/i 

m h0 m w — -A sin 6 1 



m 2 cot (3Cf mj,ta.iaj3Cf 



+2Ch+s [m 2 , tan fiCfU — m 2 cot /?C/t] 



-23?(C 



IT, 



-Asin 2 6> ( m 2 ^ + - 



smlorriw + 4sm^ + 4m ( 



w 



m 2 Cf m 2 ,Cf> 



- 2 < R(C w )m)Cf [-2m 4 w + 1 (s - 2m 2 w )] 



t u 
-2U(C w )m),C f , [-2mtv + u (s - 2m 2 w )] } 



where A stands for A(s, m 2 , m 2 ^), 



C 



cos (P — a) 



m 



(3.87) 



(3.88) 
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f ar ,( a\ — i n 

I dll I ju J — 1 U 


I dill fJ I — 


00 


0.20E+1 


0.13E-1 


0.35E-1 


bb 


0.31E+2 


0.31E+0 


0.12E-1 


cc 


0.73E-7 


0.73E-5 


0.18E-3 


ss 


0.20E+0 


0.20E-2 


0.81E-4 


dd 


0.10E-1 


0.10E-3 


0.41E-5 


uu 


0.18E-9 


0.18E-7 


0.46E-6 



Table 3.2: Production cross section [pb] for pp — > A from the indicated 
partons. m A o = 200GeV/c 2 , ^~s = 1960GeV/c 2 . 



c = sin (f3 -a){s-m 2 w - im w T w ) 
(s-m A w ) +m 2 w Y I w 



c, = _£?!£, c r = (3.90) 

sm/3 cosp 

For — > h°W~X interchange u <-> t. 

For the Standard Model we obtain the differential cross section ()3.87|) 
with h° replaced by the Standard Model Higgs, C H + = 0, Cf = Cf = — 1, 
and sin(/5 - a) = 1 in (J3~89|) . 



3.15 Numerical examples 

Two sensitive channels for the search of the Standard Model Higgs are pp — > 
h°ZX and pp — > ^W^X. The cross section for — > h°ZX off resonance in 
the Doublet model differs from the Standard Model by a factor sin 2 (/? — a) 
(see Equation (|3.70jl ) and it will be hard to obtain both m^o and tan(/3). We 
are therefore interested in the production of h°Z on resonance. In particular 
pp — > A followed by A — > /i Z — > bbl~l + where I — fi,e. A peak should 
be observed in the h°Z invariant mass. From Equation (j3.61|) we obtain the 
cross sections listed in Tables I3~2l and l3~3l 

Let us now consider the decays of A . As an example we take m h o = 
120GeV/c 2 , m H o = 250GeV/c 2 , m H = 200GeV/c 2 and m A o = 250GeV/c 2 . 
The corresponding branching fractions are listed in Table 13.41 From Tables 
I3.3l and l3.4l we obtain a production cross section times branching fraction for 
the process pp -> A -> h°Z of 0.018pb for tan(/3) = 2, and 0.0045pb for 
tan(/3) = 10. 

From Equations ()3.71j) and ()3.73j) we obtain the production cross sections 
for pp — > H + X shown in Table 13.51 
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partons 


i _ __ / n\ inn 

t&n{p) = 100 


tan(pj = ID 


tan(p) = 2 


99 


0.42E+0 


0.22E-2 


0.19E-1 


bb 


0.82E+1 


0.82E-1 


0.33E-2 


cc 


0.19E-7 


0.19E-5 


0.49E-4 


ss 


0.57E-1 


0.57E-3 


0.23E-4 


dd 


0.44E-2 


0.44E-4 


0.18E-5 


uu 


0.89E-10 


0.89E-8 


0.22E-6 



Table 3.3: Production cross section [pb] for pp — > A from the indicated 
partons. m A o = 250GeV/c 2 , y/s = 1960GeV/c 2 . 



partons 


tan(/3) = 100 


tan(/3) = 10 


tan(/3) = 2 


A^gg 


3.0E-4 


1.5E-4 


2.0E-3 


A^bb 


1.0E+0 


9.4E-1 


5.9E-2 


A—>cc 


8.0E-10 


7.5E-6 


2.9E-4 


A^ ss 


8.0E-4 


7.5E-4 


4.7E-5 


A -> Zh° 


6.1E-6 


5.5E-2 


9.4E-1 


A—>Z~j 


1.9E-8 


6.0E-9 


1.2E-6 


A -> 77 


1.2E-7 


8.1E-8 


7.5E-6 



Table 3.4: Branching fractions for A assuming m H = 200GeV/c 2 , m H o = 
250GeV/c 2 , m A o = 250GeV/c 2 and m h ° = 120GeV/c 2 . 



partons 


tan(/3) = 100 


tan(/3) = 10 


tan(/3) = 2 


ud 


0.82E-2 


0.82E-4 


0.34E-5 


us 


0.66E-1 


0.66E-3 


0.26E-4 


ub 


0.89E-2 


0.89E-4 


0.36E-5 


cs 


0.31E-1 


0.32E-3 


0.91E-4 


cb 


0.24E-1 


0.24E-3 


0.96E-5 



Table 3.5: Production cross section [pb] for pp — > H + X from the indicated 
partons. m H = 250GeV/c 2 , yfe = 1960GeV/c 2 . 
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process 


tan(/3) = 100 


tan(/3) = 50 


tan(/3) = 2 


b + g -> b + h° 


0.021 


0.021 


0.011 


u + u^b + b + h° 


0.002 


0.001 


0.0004 


d + d^b + b + h° 


0.0005 


0.0005 


0.0001 


g + g ^b + b + h° 


0.015 


0.015 


0.008 



Table 3.6: Production cross section [pb] for pp — > 6/i°X from the indicated 
processes, m^o = 120GeV/c 2 , m A o = 250GeV/c 2 , ^/i = 1960GeV/c 2 . 

Other channels of experimental interest are the production of 3 or more 
6-jets as in Figure 13.331 Some numerical calculations using the CompHEP 
program |H] are presented in Table 1331 

3.16 Running coupling constants and Grand 
Unification 

The coupling constants of the Two Higgs Doublet Model of type II are g s (fj) 
for SU(3), g(fi) for SU(2), and g'(fj) for U(l). These coupling constants 
depend on the energy scale \i as follows: 

1 1 1 / 4 \ (m \ 

rfW = JlK) + ^(- 11 + H ln (f)' (3 ' 91) 

1 1 1 / 22 4 1 \ (m x \ 

1 1 1/20 1 \, /m x \ 

Poo = i>J + It' !f + 6 ns J ln I ' (3 ' 93) 

where rip is the number of families of quarks and leptons, and n,s is the 
number of higgs doublets. For the Two Higgs Doublet Model of type II con- 
sidered in this article, np = 3 and n$ = 2. In terms of the elementary elec- 
tric charge and the Weinberg angle, g{m z ) = e{m z )/ sm9w(mz), g'(mz) = 
e(mz)/ cosOwijnz)- The fine structure constant is a(mz) = e 2 (mz)/(47r). 

Let us now assume that a Grand Unified Theory (GUT) breaks its sym- 
metry to SU(3)xSU(2)xU(l) at the energy scale m x . At this scale we take 

5 

9s( m x) = 9 2 (m x ) = -g' 2 {m x ), (3.94) 
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Figure 3.33: Some Feynman diagrams for the production of three or more 
6-jets. 
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Doublet Model 


MSSM 




sin 2 6 w {m z ) 


m x 


sin 2 6 w {m z ) 


m x 





0.2037 


1.0 ■ 10 15 


0.2037 


8.0 ■ 10 17 


2 


0.2118 


4.2 • 10 14 


0.2311 


2.0 • 10 16 


4 


0.2194 


1.8 ■ 10 14 


0.2536 


1.0 ■ 10 15 


6 


0.2266 


8.3 • 10 13 


0.2722 


8.3 • 10 13 


8 


0.2334 


3.9 • 10 13 


0.2880 


1.0 • 10 13 



Table 3.7: Predicted sin 2 6 w {m z ) and m x for the Two Higgs Doublet Model 
of type II, and the Minimum Supersymmetric Model as a function of the 
number of doublets ns- 

and obtain 

11 + |n s + S (22 - in s ) , x 

sin 2 6 W = ^ (3.95) 

66 + ns 

h (l*)=?£lZS, (3.96) 
\m z J e 66 + ns 

with all running couplings evaluated at m z . 

The corresponding equations of the Minimum Supersymmetry Model[H] 

are 

18 + 3ns + 4 (60 - 2n 5 ) 

Sin ^ = m^as • (3 - 97) 



In 



m x \ 87r 2 
m z J e 2 



1 _ 

1 3 9 ? 



(3.98) 

18 + n s 

Some numerical results are presented in Table 13.71 From the Table we 
conclude that the Two Higgs Doublet Model of type II is in disagreement 
with the measured value of sm 2 Owi^z), and with the non-observation of 
proton decay (m x is too low). Raising the number of doublets to ~ 7 would 
bring sin 2 #iy( m z) into agreement with observations, but m x is still too low. 
The MSSM with ns = 2 (which includes the Two Higgs Doublet Model of 
type II) is in agreement with both the observed sin 2 dw{jn z \ and with the 
non-observation of proton decay. 

3.17 Conclusions 

One of the major efforts at the Fermilab Tevatron in Run II, and at the 
future LHC, is the search for the Standard Model Higgs hsM- The four 
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channels with largest production cross section arejH] gg — > hsM, QQ' ~ * 
hsirfW, qq — > h SM Z and qq — > HsmQQ- The decay modes of h SM with 
largest branching fraction(H] are bb for m^ SM < 137GeV/c 2 and W + W~ for 
"'/.-,• > 137GeV/c 2 . 

The search for the Standard Model Higgs will also constrain or discover 
particles of the Two Higgs Doublet Model of type II. 

The most interesting production channels are gg — *> h°, H°, A on mass 
shell, and qq, gg — > h°Z and qq' — > h°W ± in the continuum (tho there may 
be peaks at m^o). The most interesting decays are h°, H°, A —>■ 66-jets and 
t + t~ , and, if above threshold, H° — > ZZ, W + W~ and h°h°. The following 
final states should be compared with the Standard Model cross section: bbZ, 
bbW ± , t + t~Z, t + t~W ± , bb, t+t~, ZZ, W+W~, 3 and 4 6-jets, 2r+ + 2r~, 
bbr + r-, ZW + W~, 3Z, ZZW ± and 3W /± . Mass peaks should be searched in 
the following channels: Zbb, ZZ, ZZZ, bb, 46-jets and, just in case, Zj. 

We have discussed the masses of the Higgs particles in the Two Higgs 
Doublet Model of type II, and have calculated several relevant production 
cross sections and decay rates. We have also discussed running coupling 
constants and Grand Unification. If the Two Higgs Doublet Model of type II 
is part of a Grand Unified Theory, then it does not agree with the observed 
sin 2 9w nor with the non-observation of proton decay. The MSSM with ns = 
2 (which includes the Two Higgs Doublet Model of type II) is in agreement 
with both the observed sin 2 ^(m z ), and with the non-observation of proton 
decay. 
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Chapter 4 



Higgs production at a muon 
collider in the Two Higgs 
Doublet Model of type II 



Abstract 



We calculate Higgs production cross sections at a muon collider in the Two 
Higgs Doublet Model of type II. The most interesting productions channels 
are -> h°Z°, H°Z°, H~ H + , A°Z° and H^W ± . The last channel is 

compared with the production processes pp — > H T W ± X and pp — > H T W ± X 
at the Tevatron and LHC energies, respectively, for large values of tan (3. 



4.1 Introduction 



In this article we calculate neutral and charged Higgs production cross sec- 
tions at a muon collider in the Two Higgs Doublet Model of type II. The 
Higgs sector of the Minimal Supersymmetric Standard Model (MSSM) is of 
this type (tho the model of type II does not require Supersymmetry). Higgs 
doublets can be added to the Standard Model without upsetting the Z/W 
mass ratio. Higher dimensional representations upset this ratio pQ. Adding a 
second complex doublet to the Standard Model results in five Higgs bosons: 
one pseudoscalar A (CP-odd scalar), two neutral scalars H° and h° (CP- 
even scalars), and two charged scalars H + and H~ . In the Standard Model 
we only have a single neutral Higgs. 

In recent years, some papers have appeared, suggesting the possibility 
of the construction of a collider to detect charged or neutral Higgs 

bosons IS]]- The main reason is that in a muon collider, the signal could 
be cleaner than in a hadron collider. In this paper, we analyze this possibility 
studying some production cross sections like: — > h°Z°, H°Z°, H~H + , 
A°Z° and H T W ± (Sections 4.2-4.6). 

In Sections 4.5,4.6,4.8,4.9 we will focus our interest in the production of 
charged Higgs bosons. There are three ways of producing H . One is via 
pp or pp interactions in a hadron collider. In hadron colliders, the signals 
are overwhelmed by backgrounds due basically to ti production jl]. The 
other ways to produce charged Higgs are e~e + or fi~fi + colliders , in which 
backgrounds are considerably less. In some processes like fi~n + — > H~H + 
and e~e + — ► H~H + , there is no difference between the cross sections obtained 
in an e~e + collider or a /i~yU + collider. However, in reactions like — > 
H T W ± and e _ e + — ► H T W ± , the total cross section is proportional to the 
square of the mass of the fermion and then e~e + interactions give us very 
small cross sections. This motivated us to compare in Section 4.9 the channel 
— > H T W ± (at \/s = 500GeV/c and for large values of tan/5) with the 
production processes pp — > H T W ± X (at the Tevatron) and pp — > H T W ± X 
(at the LHC), to check the feasibility of detecting H ± using a muon collider. 

The influence of radiative corrections in the masses of the Higgs bosons 
is considered in all the calculations. 
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4.2 Higgs bosons masses and radiative cor- 
rections 

The masses of the neutral Higgs particles, calculated at tree level, are 0: 

m A° = m H- m W I 4 - 1 ) 



m 2 H o 



2 i 2 
m Z + m A0 



rrir 



m 2 A o) 2 + 4m 2 A0 rn 2 z sin 2 2f3 



1/2 



(4.2) 



m 2 



2 , 2 



m 7 — m 



A° 



) 2 + Am 2 AO m 2 z sin 2 2/? 



1/2' 



(4.3) 



with < /3 < f 

From these relations, the Higgs bosons masses satisfy the bounds: 

m A o < mn 



(4.4) 



m H > m w 
m h o < m z 



(4.5) 
(4.6) 



mz < m^o < sec^^fl" (4.7) 

The bound given by ()4.6j) practically has been excluded by the present 
limits on m h o obtained by LEP and CDF jH]. 

The mixing angle a (— 7r/2 < a < 0) between the two neutral scalar Higgs 
fields H°, h° is given by 



tan a = — 



1 + F 
l-F 



,1/2 



(1 -tan 2 /3) 
;i + tan 2 13) G 



1 - 



m 7 m 



m H m 



H 



(4.8) 
(4.9) 



G 



1 - 



rn 



w 



m 



+ 



rrir 



H 



m 



H 



-4 



in 



H 



1 - 



m 
m 



w 



H 



1 - tan 2 p 
1 + tan 2 P 



(4.10) 



2 



In terms of m# and G Equations (|4.2|) and (|4.3j) are: 



m 2 H0 



-m 
2 

1 



H 



1 - 



m 



+ 



rrir 



m 



m 



+ G 



H 



m 



h° 



-m 



H 



rn 



w 



+ 



VTLr 



G 



ml 



"H m H 

Taking into account radiative corrections, (|4.2|) and ()4.3|) can be written 
as [see 0,0]: 



(4.11) 



(4.12) 



m H° = \{ m A + m 2 z + A t + A b 
+{{(m 2 A -m 2 z ) cos 2/5 + A t 
+ (m^ + m|) 2 sin 2 2 / 3} 1 / 2 } 



-A b )' 



(4.13) 



m 2 h0 



where: 



and 



-{m 2 A + m 2 z + A t + A b 

~{ ( { m A ~ m z) cos 2 /9 + A t 
+ (m 2 4 + m|) 2 sin 2 2/3} 1 /2} 



A; 



3V2mfG F (1 + tan 2 /3) 
2^2 

3v^m^G F (1 + tan 2 (3) 



In 



In 



A b ) ; 



Ml 

2 



2 



(4.14) 
(4.15) 
(4.16) 



2tt 2 tan 2 (3 

M sb and M s4 are the masses of the sbottom and stop (the scalar superpartners 
of the bottom and top quarks). 

Equation (|4.1JI is practically unaffected by radiative corrections. Accord- 
ing to 1)4.14)1 rriyfi increases as the value of tua increases. Then, for very large 
values of tua we can set an upper bound for m h o: 



m 2 h0 < mlo(m A o 



oo 



ml 



1 - tan 2 /3 
1 + tan 2 ]} 



+ 



A t tan 2 g A b 

'1 +tan 2 /3) (1 +tan 2 ^) 

(4.17) 
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Taking m b = 4.3 GeV/c 2 , m t = 174.3GeV/c 2 , M st 
m z = 91.1876GeV/c 2 we obtain: 



M 



sb 



A b = 1.123 x 1(T 6 (l + tan 2 0) m| 



ITeV [7 and 



(4.18) 



A t = 0.9723^| (1 + ta 2 n ? } 
z tan 2 p 



(4.19) 



The contribution of the b-quark loop is negligible. Using Equations 1)4.18)1 
and (J4.19)) . 1)4.17)1 can be expressed as: 



m h o < m z 



1 -tan 2 /T 2 



+ 0.9723 



1/2 



1 +tan 2 /3 / 

For large values of tan (3 (tan j3 — > oo) we obtain the limit 
m h o < lAOUmz = 128.062GeV/c 2 



(4.20) 



(4.21) 



The upper bound on m h o is raised by radiative corrections from mz to 
128.062 GeV/c 2 for stop masses of order 1 TeV. 

Considering radiative corrections, we can write, for the masses of the 
neutral Higgs scalars: 



m 



1 

—m 
2 

1 



H 



III 



W 



+ 



171: 



in 



H 



m 



+ 



At 



+ G r 



m 



H 



m 



h° 



-m 



H 



1 - 



m w . m z 



+ 



in 



H 



in 



H 



in 



H 



(4.22) 
(4.23) 



G re =[(l 



in 



ir 



+ 



m 



2 \ 2 



m 



in 



H 



rrtr 



rn 



H 



in 



w 



in 



H 



1 -tan 2 /3 N 2 
1 + tan 2 (3 



A., 



in 



ii 



rn 



IV 



m 



rn 



1 - tan 2 (3 



+ 



??? 



With radiative corrections, the value of the a parameter is: 



tana = — 



1 + 
1 - F r „ 



1/2 



11/2 



(4.24) 



(4.25) 



Additionally we have: 



sin la 



2tan/3 
;i + tan 2 p) 



1 - 



•-w 



+ 



(4.27) 



4.3 Production of h° , H° 

From the Feynman diagrams in Figure 14.11 and the corresponding Feynman 
rules given in reference [9 , we obtain the differential cross section for the 
reaction yU~/i + — > h°Z° in the center of mass system 



(9a) + (9v) [8sm 2 z + A(s, m 2 hQ ,m 2 z )sin 2 9] 



(4.28) 



where 



9a 



gfr= -± + 2sin 2 w 



(4.29) 



A(a, 6, c) = a 2 + ^ + c 2 - 2a6 - 2ac - 26c (4.30) 

is the total decay width of the Z° and 9 is the scattering angle in the 
center of mass system. 

The total cross section corresponding to — > h°Z° is obtained inte- 
grating Equation (|4.28|) : 



v0\ 



G 2 F m z (tan /3 — tan a) 



48ns 2 (1 + tan 2 a) (1 + tan 2 p) 
(1-4 sin 2 0^ + 8 sin 4 6 W ) 



x 



s — m|) 2 + m|r| 
A 1/2 (s,m 2 ,m|) x (3.8938 x 10 11 ) fb 



[l2sm| + A(s, m 2 , m|)] 



(4.32) 



In Figures 14.21 and 14.31 , the total cross section for \i fi + —>■ h°Z°, is 
plotted as a function m/jo for several values of y/s and tan /3. These total cross 
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sections were plotted considering the radiative corrections of the masses given 
by Equations ijOSjl . (j4~2~3|t . P~25jl and (fOfijl . According to these graphs, 
the total cross section becomes important in the mass interval 118 < m^o < 
128[GeV/c 2 ]. 

The Standard Model cross section is: 



h SM Z °)sM 



G\m% (1-4 sin 2 9 W + 8 sin 4 W ) 



487TS 2 



[s - m%) 2 + m 2 z T 2 z 



12sm 2 z + A(s, m 



777. : 



xA 1/2 (s,m 2 o M ,m|) x (3.8938 x 10 11 ) fb (4.33) 



where h S u is the Standard Model Higgs boson. 

The production cross section corresponding to e~e + — > h°Z° is given by 
an expression identical to (|4.32j) . In terms of the cross section 
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<t(h-H + -> h°Z°) 




85 90 95 100 105 110 115 120 125 130 



m/jo[GeV/c 2 ] 

Figure 4.2: Total cross section for the process fi~fi + — > as a function 

of m^o. We have taken ^/s = 500GeV/c and tan/3 = 30. 




85 90 95 100 105 110 115 120 125 130 



m h o[GeV/c 2 ] 

Figure 4.3: Total cross section for the process fi~ fi + — > h°Z° as a function 
of m h o. We have taken y/s = 400GeV/c and tan/3 = 50. 
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_ a(e-e+->h°Z ) 
r a(e~e+— >/j,~fi+) 




85 90 95 100 105 110 115 120 125 130 

m^ofGeV/c 2 ] 



Figure 4.4: Total cross section a(e~e + — > h°Z°) compared with the cross sec- 
tion a(e~e + — * /i~yU + ) as a function of m h o. We have taken a/s = 500GeV/c 
and tan (3 = 30. 



cr (e e + — > [i we can write: 

a (e~e + — > h°Z°) 1 (tan (3 — tana) 2 1/2 2 
a(e-e+ -> //-//+) 128s (1 + tan 2 a) (1 + tan 2 /?) v ' h ' 



(1-4 sin 2 6> w + 8 sin 4 W ) [l2sm| + A(s, m 



sin 4 ^ (l-sin 2 ^) (s-m|) 2 + m|ri 



(4.34) 



Equation ()4.34j) is plotted in Figure 14.41 as a function of m h o for = 
500GeV/c and tan/5 = 30. 

The total cross section corresponding to \i~ [i + — > H°Z° is obtained from 
Equation ()4.32j) replacing (tan (3 — tana) 2 by (1 + tan /3 tan a) 2 in the nu- 
merator and mho by m#o. This production cross section is plotted in Figures 
I4.5j.l4.6l as a function of m#o for ^/s = 500GeV/c and tan (3 = 30, without and 
with mass radiative corrections, respectively. In Figure I4~7I we show the ratio 
between the production cross section o (e~e + — > H°Z°) and the cross section 
cr(e~e + — > Ai _ /U + ) in terms of m#o. The radiatively corrected masses total 
cross section is shown in Figure Figures l4~Hl and l4~%l show the importance 
of the radiative corrections of the masses in the processes p~fi + — > H°Z° and 
e"e + -> H°Z°. 
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Figure 4.5: Total cross section for the process — > as a function 

of rriHO- The radiative corrections of the masses were not taken into account. 
We have taken y/s = 500GeV/c and tan/3 = 30. 
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Figure 4.6: Radiatively corrected masses total cross section for the process 
— > H°Z° as a function of m#o. We have taken ^/s = 500GeV/c and 
tan/3 = 30. 
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yfe = 500GeV/c, tan/3 = 30 
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Figure 4.7: Total cross section for the process e~e + — > H°Z° compared with 
the cross section <x(e~e + — > fi~{i + ) as a function of m H o. We have taken 
y/s = 500 GeV/c and tan/3 = 30. The radiative corrections of the masses 
were not taken into account. 
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Figure 4.8: Radiatively corrected masses total cross section for the process 
e~e + — > H°Z° compared with the cross section a(e~e + — ► as a func- 

tion of ra#o. We have taken = 500GeV/c and tan/5 = 30. 



4.4 Production of A 

From the Feynman diagrams of Figure 14.91 and the Feynman rules given 
in Pj, we obtain the differential cross section for the production process 
— ► A°Z° in the center of mass system: 
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A"Z") = (s,ml„ml) GjmJ 

x{Cj, t A ( S ,m^,m|)+[( 9 5) 2 + «) : 
A (s, m^ , m|) m| sin 2 6 



[tan 2 /3 1 + 



2st 2 



( A (s,m 2 , ,m 2 7 ) mi sin 2 # 
2^ 



+2^tan/3C H6 



A (a, 



m^ml) sin 2 6> 



m 2 A0 m 2 z _ 
t 

m 2 A0 m 2 z A (s, m^o , m|) sin 2 



4t 



4m 



2 2 

M x2 / un2 r m AO m Z 



+2 tan 2 [ 

A (s,m 2 A0 ,m 2 z ) m|sin 2 fl 
2swt Jl 



A (s,m 2 A0 ,m 2 z ) sin 2 9 



ut 



4ut 



(4.35) 
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where g A and g v are given by f)4.29j) : s,t,u are the Mandelstam invariant 
variables and 



C 



Hb 



(| sin 2a + tan (3 sin 2 ot) Q sin 2a — tan j3 cos 2 a) 



(' 



m 



h° 



) 



(- 



H° 



) 



(4.36) 



To obtain the total cross section, we integrate Equation (|4.35|) over the 
solid angle Q. 



ryO\ 



167TS 2 



{A 1 / 2 ( 



s,m A0 , 



m 2 z ) [sC 2 Hb A (s, 



,m A o, 



m 



:) 



+4 tan 2 (3 sin 2 0w (l - 2 sin 2 9 W ) (s - 2m%) + 2s tan /3C Hb 
(m 2 A o + m| - s) + (l - 4 sin 2 0^ + 8 sin 4 W ) 



x 



x 



tan 2 /3 (s - 4m|)] + 4m| tan /?/ (s, 



A ' 



r/r 







x [— sC Hb m A a + - tan/3 (l — 4 sin 2 9 W + 8 sin 4 W ) (m 2 ^ + m| — s) 



^sin 2 0jy (l — 2 sin 2 W ) tan /?m^ (s 
(m 2 A0 + m| - s) 
x (3.8938 x 10 11 ) fb 



-]} 



(4.37) 



where 



/ (s,m%,m 2 z ) = In 



,4" 



+ mi 



+ K 1 ' 2 ( 



s,m 2 A0 ,m 2 z 



rn 



A° 



m, 



- A 1 / 2 ( 



s,m 2 A0 ,m 2 z 



Note that if m^o = a/s — m^, then we have, A (s, 



(4.38) 



A ' 



r/r 



r) = and 

/ (s, m^o, m|) = 0. Therefore a{yL~^ -> A°Z°) = 0. 

Figure l4*.10l shows the total cross section <r(/i~/i + — > A°Z°) as a function 
of m^o for -y/s = 500GeV/c and tan/3 = 30, 50. The total cross section is not 
affected by radiative corrections of the masses. From Figure 14*. 101 we can see 
that cross sections are important for large values of tan/3. 

The total cross section corresponding to e~e + — > A°Z° can be obtained 
from Equation ()4.37j) replacing m^ by m e : 



a(e e 



— 1 = 2.34- 10" 



(4.39) 
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Figure 4.10: Total cross section for the process \x~ ~ [i + — > A°Z° as a function 
of m^o. We have taken yfs = 500GeV/c and tan/3 = 30, 50. The total cross 
section is not affected by radiative corrections of the masses. 



4.5 Production of H 

From the Feynman diagrams of Figure 14.111 we obtain the differential cross 
section in the center of mass system for the process — > H~W + : 



da 



H~W- 



:{[C 2 Hb + C 2 Ab ]A(s,m 2 Hj m 2 w ) +2 



A (s,m 2 H ,m 2 w ) sin 2 Qm 2 w 2 
2s +t 



^-A 1/2 (s,m 2 H ,m 2 w )G 
tan /? 



647T 2 S 



2 2 

2 



t 



tan (3 



t 



x 



j.2 1 a I 2 2 \ • 2 a i 2 2 

-t - -A (s, m#, m w ) sm & + m w m H 



where Cub is given by Equation (J4.36)) and 

tan p 



C 



Ab 



m 



A" 



) 



The differential cross section corresponding to \i ^ 
tained from 1)4.40)1 by replacing t by u. 



{CAb + Cub) 

(4.40) 
(4.41) 

-> is ob- 
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Figure 4.11: Feynman diagrams corresponding to the production of H in 
the channel jjT fi + — > H~W + . 



The integration of f)4.4()j) over the solid angle Q give us the total cross 
section: 



0"(/i /i i 



where 



16lTS 2 



{sA 3 / 2 ( 



2 2 



) \p 2 m + 



+2 tan f3A 1/2 (s, ra#, m 2 ^) [tan (3 (s - 4m^) 
+ (Caj, + Ch 6 ) s (m# + m 2 ^ - s)] + 4m^ tan/?/ (s, 77%, m 
[tan /3 (m# + m 2 w - s) - (C Ab + C Hb ) sm 2 H ] } 

x (3.8938 x 10 n )fb (4.42) 



2 1 
w) 



f {s,m 2 H ,m 2 w ) 



In 



For the process /i /x H 



m 2 H + m 2 w - s + A 1/2 (s, m^, m 2 ^) 



» - AV2 (s,m^,m^) 
H + W~ we obtain: 



(4.43) 



(4.44) 
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Figure 4.12: Total cross section for the process — > H^'W^ 1 as a function 
of mil- We have taken y/s = 500GeV/c and tan (3 = 20, 30, 50. The radiative 
corrections of the masses are negligible. 



and then 

H^W*) = 2a{yTn + H~W + ) (4.45) 

Observe that a{ji^ ji + — > H ± W T ) = if m# = ^/s — mw- 

The total cross section corresponding to — > H^W ± is given in 
Figure SUJ for = 500GeV/c and tan/5 = 20,30,50. This total cross 
section is not affected by radiative corrections of the masses. From Figure 
I4.12l we see that a{^T — > H Zf W ± ) > 5fb for tan j3 > 20 in the mass interval 
100 <m H < 400[GeV/c 2 ]. 

For the process e~e + — > /Z^W , the total cross section is obtained from 
Equations ()4.42j) . ()4.45|) replacing by m e . This cross section is smaller 
than the one ploted in Figure 14*. 121 bv a factor m 2 e /m 2 ^ = 2.34 ■ 10~ 5 . 

Equations ()4.37|) and ()4.42|) are in agreement with the cross sections cal- 
culated in jHj. 

4.6 Production of charged Higgs boson pairs 

From the Feynman diagrams of Figure 14. 13^ the differential cross section in 
the center of mass system corresponding to — > H~H + is 
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8vr 2 s 



2 \ 1/2 



{s (s — 4m^) sin 2 



ICil 2 Gfl) 2 + (#) 2 



+2m 2 [(s - 4<) [i^L (cos 2 9 (#) a - sin 2 9 (gtf) 



+ 2 



/ sin 2 9 



w 



( sin 2 # 



ir 



1 m.Ci)g 



+4 



sin 2 # 



cos 2 9-2 



sin 2 & 



\\~ 



X(C 1 )g$rCos 2 9] 



1/2 



1 _ fsm 2 9 



xcos9C Mtl (~gffi(C 1 )-2 ^ 



where g\ and g v are given by Equation (|4.29|) . 

cos(2^vk) 1 



]} 



C 



cos^ v w 
III, _ a l 



[s — m 2 z + irrizTz) ' 
a 2 



(s - m 2 H0 ) (s - m 2 ) 



(4.46) 



(4.47) 
(4.48) 



ai = [cos 2 a + 



tan /3 sin 2a 



m z 



(1 - tan 2 g) 
(1 + tan 2 /?) 



cos 2 a 



2miy cos 0^ 
tan /3 sin 2a' 



(4.49) 



tan /3 sin 2a 2 
a 2 = sin a + 



2 2m^ cos 6*vk 

(1 — tan 2 3) ( . 9 tan/3sin2a\, >. 

^ ^ sin 2 a H (4.50) 

(1 + tan 2 /3) V 2 y J v ; 

The integration of (|4.46J) give us the total cross section for the process 
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a 



H + H-) = a (/i>+ -> H-H + ) = 



1 - 



2m\ v G 2 F sin 4 6 W 

3"7TS 

4m 2 \ 3/2 (1-2 sin 2 ^) 2 f 1 + (4 sin 2 6 W - l) 

* . . A n * « 



{[1 + 



X "(l-^) 2 +(M f ,) 2 " 



64 sin 4 W cos 4 6*vy 
(1 - 2 sin 2 W ) (4sin 2 fl w - l) 
4 sin 2 Ow cos 2 #vv 



x 



I m z 

s 



2 



((4sin 2 ^- l) 2 -^ 
32 sin 4 fl w cos 4 6 W 



(l-^) 2 +(^) 2 

(1-2 sin 2 9 W ) 2 (1-2 sin 2 0^) (4 sin 2 6 W - l) 

~ ^ — — 27; 77; 



2 sin 2 cos 2 9w 



x 



x 



(l-^) 2 +(^ 

(3.8938 x 10 11 ) fb 



3 s 2 (C Hfe ) 2 

4 ^ 



■]} 



(4.51) 



Neglecting the mass of the muon we can write: 



a 



2m 4 y sin 4 W 



37TS 



1 - 



4m 2 H \ 3/2 (1-2 sin 2 2 (l + (4 sin 2 ^ - l) 
- I {1 H — : — — 



X 



64 sin 4 6*vy cos 4 6 W 
1 - 2 sin 2 e w ) (4 sin 2 fl^ - l) 
4 sin 2 0jy cos2 @w 



^ ^ } x (3.8938 x 10 11 ) fb 



(i-^) 2 +(M^y 



(4.52) 



In the last approximation there is no difference with the total cross section 
corresponding to the process e~e + — ► H~ H + . In Figure 1%. 141 we have plotted 
the total cross section given by Equation 1)4.51)1 as a function of the mass 
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a = a(fi-fi + -> H~H + ) 
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Figure 4.14: Total cross section for the process fi~fi + — > H~H + as a function 
of m#. We have taken i/i = 400, 500GeV/c. The total cross section is 
practically independent of tan/3. The radiative corrections of the masses are 
negligible. 

of the charged Higgs for y/s = 400, 500GeV/c. The total cross section is 
practically independent of tan/?. The radiative corrections of the masses are 
also negligible. 

In Figure l4~.15l we have plotted the total cross section corresponding to the 
process — > H H + as a function of ran compared with /i~ ji + — > H T W ± . 
We have taken yfs = 500GeV/c. 

4.7 —> ti annihilation 

The main background in the processes fi~fi + — > iJ ± W /=F , assuming H + — > tb 
or H — > tb decays, comes from ti production. 

To lowest order in e 2 the Feynman diagrams corresponding to the process 
— > ti are given in Figure l4~T6l The corresponding total cross section is 
(see reference [TU]): 
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Figure 4.15: Total cross section for the process — > H~H + as a function 
oim H compared with — > H T W ± . We have taken -y/i = 500GeV/c and 
tan/3 = 30,50,60. 



where 



o- (// n + -> tt) 3 2 
= 

(Tq 4 



£ (| sin 2 fl w - 1) 
3s 2 cos 2 9w (s — m 2 z ) 



+ 



+2 



+2 



4 _ sin 2 W - f sin 4 ^ - l) 
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sin 2 (29 w ) (s - ra|) 



2^ (| sin 2 0tv-l) 
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2 (2sin 2 0vK-l) (| s in 2 ^-|)s 

3 + sin 2 (20 w ) (s - m|) 
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(4.53) 



cr e e 



47ra 2 
3s 



(4.54) 
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Figure 4.16: Feynman diagrams corresponding to e e + — > tt and fi [i + — > tt 
annihilation. 



In f!4.53|) we have neglected V z that is very small for large values of ^/s. 
Taking sin 2 6 W = 0.231, m z = 91.1876GeV/c 2 , m t = 174.3GeV/c 2 and 
= 500GeV/c we get a {pr [i+ -> tt) = 495. lfb. 

The total cross section corresponding to e~e + — > ti is given by the same 
Equation 

4.8 i^W^ production at a Hadron Collider 
4.8.1 — ► H W + interaction 

From the Feynman diagrams of Figures f4. 171 and 14. 181 we obtain: 



+2 £ ^K^,^ + A(l,^,<) 8 fa'«< \ 

i,j=u,c,t ^ ' 

99 / 9 A (s, mix, m?v) sin 2 0\ . 9r 9 9 ~ 9 
+m 2 m 2 c t2i c t2 , ( 2m^ + 1 ] + m 2 q [-2m 2 H m 2 w + 2t 2 

+^A(s,m 2 H ,m 2 w )sm 2 e]( K C Hb + C Ab ) ) ^ (4.55) 



i=u,c,t 



for g = d,s,b. In Equation (|4.55J) . C^b and C*Ab are given by Equations 
(J4.36)) and (|4.41jl replacing s by s. Vi q are elements of the CKM matrix. 

Ct " = (r^a ■ (456) 
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and 



cot (3 

Ct ^ = Ti iv ( 457 ) 

(t - mf) 



On the other hand 
dan i _ ,x Gp 



(jf y qq - H-W+) = {s, m 2 H , m 2 w ) (Cm* + C M 



i,j=d,s,b 

22 (c 2 A (s, m 2 ^, mL) sin 2 # Y 2r 2 2 ~ 
+m 2 m 2 c Uli c Ulj f 2m 2 w + V 4 g J] + m 2 q [-2m%m^ + 2m 2 

+~A (s,m 2 H ,m 2 w ) sin 2 6} ((3 M - Cfe) ^ K(^K 2 J (4.58 



i=d,s,b 



for q — u,c. 



~ (| sin 2a — sin 2 a (tan /3) ) 

(| sin 2a + cos 2 a (tan 
(s ~ m 2 ) 



(4.59) 



Cm = { ™ t(3 2 v (4.60) 



and 



tan/3 
(u — mV, 



cot /3 
(u — m 2 ) 



(4.61) 



(4.62) 



The differential cross section corresponding to the process qq — > H + W~ 
for q = d, s,b is obtained from Equation (|4.55jl with the replacement t —> u. 
For q = u, c we change w by t in (|4.58j) . 
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Figure 4.17: Feynman diagrams corresponding to the process (qq — > H W + ) 
for q — d,s, b. 




Figure 4.18: Feynman diagrams corresponding to the process (qq — > H W + ) 
for q — u,c. 
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4.8.2 



99 



H W + interaction 



The differential cross section corresponding to the sum of the triangle dia- 
grams in Figure 14.191 is given by: 



where 



and 



da a 
dt 
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a 2 s G 2 F 
4096tt 3 
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^ CAiTif(Ti 
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arcsm yr^ 



1/2 



,l-(l-n) 1/2 
Due to charge-conjugation invariance 



1 2 



— ZTl 



if n > 1 
if n < 1 



( gg -+H-W+) = ^(gg-+H+W-) 



(4.63) 



(4.64) 



(4.65) 



w , . w , (4-66) 

(it (it 

Equations (|4.55jl . ()4.58j) and (|4.6Hjl are in agreement with the differential 

cross sections calculated in reference [IT] . In this reference, the differential 
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cross section corresponding to the sum of the box diagrams of Figures 14.201 
and 14.211 also has been calculated with the aid of the computer packages 
FEYNARTS, FEYNCALC and FF. According to the analisis presented in 
[TT] . the dominant subprocesses of W ± H T associated production are bb — > 
W ± H Zf at the tree level and gg — > W IT* at one loop. 

4.8.3 Differential cross section pp — > H T W ± X 

The differential cross section corresponding to the channel pp — > H T W ± X 
is: 



(4.67) 



(m# - u) (it 



where / is g or g, 



y/sm T e y + m 2 H — 
s — yfsm T e~ y 

m T = (m 2 w +p 2 T Y , 

Xqy/imre"^ + - m 2 ^ 
— \fsrriTe y 

S X a Xi)S, 

2 A (s, m 2 H , mfy) sin 2 
Pt= 4l ' 

^ (m# + m 2 ^ - s - cos6A. 1/2 (s,m 2 ^,m 2 1/ )) 



2 



£ = I + m 2 w - s + cos 6A 1/2 (s, m#, m 2 ^)) 



and 



-X 2 2,-2 

wt = m H m w + sp T , 



cos 0=1 



4.68) 

4.69) 

4.70) 
4.71) 

4.72) 
4.73) 
4.74) 
4.75) 

4.76) 



26 
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Figure 4.20: Box diagrams corresponding to the process gg — > H W + . i = 
d, s,b ; j = u, c, t. Continued in Figure l4~2*Tl 
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Figure 4.21: Continued from Figure l4*.2()l 
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Figure 4.22: Total cross section for the process pp — > W ± H T +X as a function 
of rrtu via bb annihilation and gg fusion at LHC energies (y/s = 14TeV/c) 
for tan/3 = 30. Taken from fTTjj. 



y is the rapidity of W , 9 is the angle of dispersion in the center of mass 
system, pt is the transverse momentum of W ± , ff are the unpolarized parton 
distribution functions for quarks (antiquarks) or gluons. Finally, m? a or r?r| 
represent the factorization scale. 

A similar expression is valid for the reaction pp —>■ H^W^ 1 + X. 

In Figure 14.221 (taken from reference ^1]) the total cross section a of 
pp — > W ± H T + X via bb annihilation and gg fusion is plotted as a function 
of mu at LHC energies (y/s = 14TeV/c) for tan/3 = 30. Other contributions 
are negligible. 

In Figure 14.231 (taken from reference the total cross section a of 

pp — > W ± H T + X via bb annihilation and gg fusion is plotted as a function of 
mu at the Tevatron energy (y/s = 2TeV/c) for tan (3 = 30. The contributions 
of the other partons are negligible. 
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Figure 4.23: Total cross section for the process pp — > H^if^ + X as a 
function of m# via bb annihilation and gg fusion at the Tevatron energy 
(y/s = 2TeV/c) for tan/3 = 30. Taken from [TT]- 



4.9 Comparison between /i /i + — ► H T W and 

pp,pp —> H T W ± X for large values of tan/3 

Let us compare the channel fi~n + — > iif^VF at y'i = 500GeV/c with the 
processes pp,pp — > iJ =F H /± X at the Tevatron energy (i/i = 2TeV/c) and 
LHC energies (a/s = 14TeV/c) respectively for large values of tan/3 (for 
example tan/3 = 30). 

At the FNAL energy (Figure I4.24j) . we have: a(/j,~fi + — > /f T W /± ) > 
<r(pp -> W^iZ^X) for tan/3 = 30. 

At LHC energies (Figure fOKJ) . we have: <r(pp — > W ± H T X) > cr( / u _ / u + — * 
H^W*) for tan/3 = 30. 

According to Figure El cr(/i~/i + -> H^W^) > 5fb for tan/3 > 20 in 
the mass interval 100 < ran < 400[GeV/c 2 ], which would be an observable 
number of H ± for luminosities > 50fb _1 . In the mass region of interest shown 
in the figures, the dominant decay mode of H ± is H + — > tb or H — > ib. 
So the main background would be from ti production. Reference [I] shows 
that such a background overwhelms the charged Higgs boson signal in pp — > 
W ± H Zf X at the LHC. In fact, in Section 4.7 we have shown that cr(/i~ ji + — > 
ti) « 495fb for ^/s = 500GeV/c. In the LHC the background due to ti 
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Figure 4.24: Total cross section for the processes — > i/ =F W /± and pp — > 
W ± H T + X (via bb annihilation and gg fusion) as a function of m# at 
*/s = 500GeV/c and y/s = 2TeV/c, respectively, for tan/5 = 30. Taken 
partially from [TT] . 



production is of order |l] 800 pb (three orders of magnitude larger than at a 
muon collider with y/s = 500GeV/c). At the FNAL energy (y/s = 2TeV/c) 
something similar happens because a(pp —>■ tt) = 5.5pb [T2"] . 

In the muon collider, the signal of the charged Higgs boson is not over- 
whelmed. 

Then, for large values of tan/?, the process fi~fi + — > H T W ± is a very 
attractive channel for the search of H at a fi~fi + collider. 

4.10 Conclusions 

The discovery of the Standard Model Higgs is one of the principal goals of 
experimental and theoretical particle physicists. This is because the Higgs 
mechanism is a cornerstone of the Standard Model. The search for the Stan- 
dard Model Higgs will also constrain or discover particles of the Two Higgs 
Doublet Model of type II. 

In this paper we have discussed the masses of the Higgs particles in the 
Two Higgs Doublet Model of type II, and considered the influence of the 
radiative corrections on these masses. In the absence of radiative corrections, 
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H~H+ -> H^W ± and -> W^if^X 
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Figure 4.25: Total cross section for the processes fi + — > H T W ± and pp — > 
W^H^ + X (via 66 annihilation and fusion) as a function of tuh at 
= 500GeV/c and y/s = 14TeV/c, respectively, for tan/3 = 30. Taken 
partially from jTT] . 
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the Higgs boson h° obeys the bound m^o < mz- This bound practically 
has been excluded by the present limits on m^o obtained by LEP and CDF 
jHj. However, when the radiative corrections are taken into account, m^o 
increases as the value of tua increases. As a result, we have a new bound: 
nT>h° < 128.062GeV/c 2 taking M s b (sbottom mass) and M st (stop mass) of 
order ITeV/c 2 . 

Considering the radiative corrections of the masses, we have calculated 
Higgs production cross sections at a muon collider in the Two Higgs Doublet 
Model of type II. The most interesting production channels are fi~ n + — > 
h Z°,H°Z , H-H + ,A°Z° and H^W ± . In the first two channels the radia- 
tive corrections of the masses play an important role, which is not true for 
the other channels. In the reaction — > h°Z°, the total cross section 
becomes important in the mass interval 118 < m h o < 128[GeV/c 2 ]. 

The process /i~ fi + — > A°Z°, would provide an alternative way for search- 
ing the A looking for peaks in the bb distribution. Another interesting 
channel could be — > A°h°. However, this is highly supressed for 
m A > 200GeV/c 2 because the total cross section is proportional to the factor 



2 . . (1 + tan 3 tan a 

cos [p — a) 



,2 



(1 + tan 2 (3) (1 +tan 2 a) 

(see the Feynman rules given in [9 ) . This factor decreases as the mass of the 
A increases. 

The most attractive channel is fi + — ► H T W ± , see Figures 14.241 and 
14.251 In this reaction cr(/i~/i + — > H T W ± ) > 5fb for tan/5 > 20 in the mass 
interval 100 < rriH < 400[GeV/c 2 ], which would give an observable number 
of for luminosities > 501b" 1 at \fs = 500GeV/c. 

Because the main background in a hadron collider in the reactions pp — > 
W ± H :¥ X (Tevatron energy) or pp — > W ± H T X (LHC energies) comes from 
tt production, the charged Higgs boson signal would be overwhelmed by such 
a background. In a muon collider with y/s = 500GeV/c, the signal of the H ± 
is not overwhelmed. This means, that for large values of tan j3, the channel 
fi~H + — > H T W ± is a very attractive channel for the search of charged Higgs 
bosons at a fi~ fi + collider. 
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Appendix A 

Functions S WW ,S HW and S HH 



oWW I i J \ 



X W ' X W 4 X W X W 



(1 - x> w ) (1 - x> w ) 

+ -n z n t G " G O^Ml 



where 



If* = j: 



G (x w , x^) 



qww ( i i \ 



(gjy) b_(xjyj 



1 za V ~7 X W X W 



X 



w 



with 



If i=j: 



(i-^W) 2 

I i j W\ _ 
o ^x H , x^, x H ) — 



?' ? 
X H X H 



X 



j{x i H ) 



w 

H 



+ 



1 3 (x^) 2 
4(1 "40 



J(x^)- J (4) 



it™*' />'*'-' 



(x^) 2 ln(x^) 



(i-^h) (i-x* H r 



o yx H ,x H ,x H ) 



X 



11) 



X 



H 



1 - (x^) 2 + 2x^ln (afr) 
(1-x^) 3 



(A.2) 



(A.3) 



(A.4) 



(A.5) 



(A.6) 



1 



For % ^ j: 




For % — j: 



qHW i i i i i w\ _ ( i y 
o yx w , x w , x H , x H , x H ) — \x H j 



In (afc ) 



x% - 1) (afc - 1)' 



< In (x* w ) 



x 
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Appendix B 



Calculation of the box diagrams 
corresponding to charged Higgs 
contributions to B° - B° mixing 
in the "Two Higgs Doublet 
Model of type II" 

B.l Invariant amplitude M HH 

In the unitary gauge the invariant amplitude corresponding to the box dia- 
gram (HH1) in Figure |B~T1 is: 




[m q tan (3 (l - 7 s ) + rrij cot (3 (l + 7 5 )] (fi + rrij) 
[m 6 tan/3 (l + 7 s ) + rrij cot j3 (l - 7 5 )] u(b) 
■u{q) [m 9 tan/3 (1 -7 5 ) + m, cot (3 (l + 7 5 )] {fi + rrii) 
[m b tan/? (l +7 5 ) + m 8 cot /3 (l - 7 5 )] v(b) 

x ; — v 9- (B.l) 

(K 2 - m?) (K 2 - rrij) (K 2 - m\f 

where ,K = 7 M K At and & = V^V^* (g = c? or s and 2, j = w, c, t). Here we have 
taken the approximation in which all external momenta are zero in the loop. 
Using: 

(1 + 7 5 ) (1 — 7 5 ) = 0, 7 M 7 5 + 7 5 7 M = 0, we obtain (in the limit m q — > 0) 
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Figure B.l: Feynman diagrams corresponding to B° <-> 5° mixing in the 
Two Higgs Doublet Model, q = d or s and i,j = u,c,t. The diagrams on 
the right side interfer with a "-" sign. 
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M« H = 4* f -|— J ^4{m 2 m 2 cot 4 /^(g) 7 « (l - 7 5 ) u(b) 

(1 - 7 5 ) v(b)I™(i,j) + m\m)m\v{q) (l + 7 5 ) u(6) 
•■u(g) (l + 7 5 ) v(b)I HH (i,j) + m 2 m 2 m b cot 2 

( 7 a (1 - 7 5 ) «(6) " 0(g) (1 + 7 5 ) + (1 + 7 5 ) nib) ■ n(g) 7 Q (l - 7 5 )) 



where 



rHH , 



d 4 K 




(2tt) 4 (K 2 


— m 2 H ) 2 (K 2 — m 2 ) (K 2 -m 2 ) 


d A K 


K Q 


(2tt) 4 (K 2 


- m^) 2 (K 2 - mj) (K 2 -m 2 ) 


d 4 K 


1 


(2tt) 4 (K 2 


- m^) 2 (K 2 - mf) (K 2 - m 2 ) 



(B.2) 



(B-3) 



(B.4) 



(B.5) 



The integrals, and I were calculated in detail in Appendix 

2 of reference pQ (replacing mjj by m^): 
II' / / ./: 



4(2vr) 4 m 2 f 



if ^if 



(B.6) 



where 



?7 Q/ g = diag(l, -1, -1, -1), 

2 

^ij = -tJ- an d J ( x h) i s gi ven hi Equation IA.5I 
If 



47 M 



4(2vr) 4 m 2 / 



1 ~~ ( x if) + 2x^-/n (x^) 



(B.7) 



(2tt) 4 m 4 H (1 - x^) (l 



x h) 



[F (^ H ,4)+F(4,xy-1] 

(B.i 
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where 



If i=j: 



F x J H ) 



I HH (U) 



-iir 



(2vr) 4 m H (1 - x* H ) 



x l H ln (xg) (l — Xjj) 
(1 - Xh) {x'h - x h) 



The value of the second integral (see Appendix C) is: 
For i ^ j and i = j: 



(B.9) 



(B.10) 



l™{i,j) = 0. (B.ll) 
Neglecting the second term in (jB.2|) and because ^| = we have 



M HH = cQt4 ^ ^ (l _ f) 



32tt 2 



;b.i2) 



5>#h for i j and i — j are given in (|A.4J) and (|A.6j) . respec- 

tively. 
Note that: 



lim (x H ,x H ,x^) = 0. 



;b.i3) 



In a similar way, we can chow that the invariant amplitude corresponding 
to the diagram (HH2) in Figure IB~T1 is: 



M. 



HH 



G 2 F m 2 w 
32tt 2 



cot 4 /3^^(g)7 M (l-7 5 )^(&) 



According to the Fierz Theorem [2j, we can write 



;b.i4) 



v(q)Y (1 - 7 5 ) v(b) ■ u(qh, (l - 7 5 ) u(b) 

= -v(q)Y (1 - 7 5 ) u{b) ■ u{q) 1 , (l - 7 5 ) v(b) 



The total amplitude M HH is then 

M HH = 2M HH_ 



(B.15) 



(B.16) 
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Let's consider the amplitude: 
r 2 F m 

1^2 



(B°\M HH \B°) = ^^cot^J2^ ASHH ( x ^ x M) (B-17) 



hi 



where 



A = (B°\v L (q)^u L (b) ■ u L (q) lfl v L (b)\B°), 





(1 - 7' 


v L {b) = 


l{l-l 5 )v(b). 


u L {q)l^ = 


u{q)i^ (1-7 


u L (b) = 


^(1"7 5 )^) 



For our model, 'free particles inside the meson" we have 



A = ±-(3 B f B m B (B.18) 
lb 



Thus, one obtains 



(B°\M HH \B°) = ^GlmUlms ^ ^ ^ ^ jS HH {x^ x> H , x%) (B.19) 



647T 2 



'■J 



B.2 Invariant amplitude M HW 

For the box diagram (HW1) of Figure the corresponding invariant am- 
plitude is given by: 

(fi + rrij) [m 6 tan/3 (l + 7 5 ) +mjCotf3 (l - 7 5 )] u(b) 
■u(q) [m q tan /3 (l - 7 5 ) + rrii cot f3 (l + 7 5 )] 

( / K + m J ) 7 ^(l- 7 5 )^)f^ K " K " 



X (K 2 - m^) (K 2 - m\) (K 2 - m?) (K 2 - m 2 ) ^' 2 °^ 

7 



Using: 

7 M 7 5 + TV = , (1 + 7 5 ) 2 = 2 (1 + 7 5 ) , (1 - 7 5 ) 2 = 2 (1 - 7 5 ) , 
,K /K = K 2 , and taking the limit in which m q — > 0, we can write the invariant 
amplitude as 

M* w = -4. (^L=\ 4 -L £ fcfc W"»? cot 2 ^(g) 7 a (1 - 7 5 ) «(&) 

J) - -Vt^T^^')) (1 - 7 5 ) v(b) 
\ m w J 

+m*m b v(q)r (l - 7 5 ) -fu(b) ■ u{q) llx (l - 7 5 ) v(b) 
K-m%m b v(q) (l + 7 5 ) u(b) 

■u(q)r(l-l 5 )v(b)(l» w f\i,j)} (B.21) 

where 

r H W ( *\ P d 1^ 1 . . 

' " 7 (2vr) 4 (K 2 - m 2 ,,) (K 2 - m 2 ,) (K 2 - m 2 ) (K 2 - m 2 ) ( ' 22) 

7-W/- -x _ /" ^ K K « K /3 m 2 Q^ 

a/3 1 ' J) J (2tt) 4 (K 2 - m 2 ) (K 2 - m 2 ) (K 2 - m 2 ) (K 2 - m 2 ) 1 ' 1 



(2tt) 4 (K 2 - m 2 w ) (K 2 - m 2 ,) (K 2 - m\) (K 2 - m 2 ) 

(B.24) 



(I HW ) {2) (i i) = ! — ^ 

l ° ^ 7 (2vr) 4 (K 2 — rriyy) (K 2 — m 2 ^) (K 2 — mf) (K 2 — m 2 ) 

(B.25) 

After momentum integration (see Appendix C), we get 
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( X H ~ X h) i X H ~ 1) fa 
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i = j: 
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For i ^ j and i — j: 

(4 W ) (1) (^')=0 (B.30) 

For i ^ j and i = j: 

(4 W ) (2) (U)=0 (B.31) 
Introducing these integrals in IB.211 we find 



r = - G ^f g E (?) 7^ (i - 7 s ) u( b ) 

■u (q) 7 „ (1 - 7 5 ) „ (6) (xV, xl, x^ 4, x%) (B.32) 



where S HW (x l w , x° w , x l H , x J H , x^J is given in (TOj) and (fOjl . 
Note that 

lim S HW {x\y, x\y, x> H , j H , a#) = 0. (B.33) 

We have another three diagrams. In the limit m 9 — > 0, the Fierz transfor- 
mation shows that all four diagrams contribute equally and then, the total 
invariant amplitude is: 

M HW = AM™ (B.34) 

Therefore, as in (jB.19jl . the matrix element (B°\M \B°) can be expressed 
as 



(B°\M HW \B ) = _ ^G 2 F m 2 w f B m B 2 

8tt 2 m 

^ , £j£>jS W { x w x iv x ui X H> x ^h ) • (B.35) 



WW 



B.3 Invariant amplitude M 

The calculation of the invariant amplitude for the box diagrams (WW) in 
Figure lB~T| was performed in detail in reference £Q: 



M ww ^^k^y^UMQh'M^-MQhM^s^ix^,^) (b.36) 
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Therefore 



(B°\M WW \B°) = ^GW w J%m B ^^ sWW (B 37) 

B.4 Mass difference Am^ 

The mass difference between the two states that diagonalize the hamiltonian 
is: 

Am B = m BH - m BL = 2\M 12 \ = 2\(B°\M HH + M HW + M ww \B°)\ 
= 2\(B°\M HH \B°) + (B°\M HW \B°) + (B°\M WW \B°)\ (B.38) 

where H and L stand for Heavy and Light, repectively. 

Introducing (jB.19|) . (jB.35|) . and ()B.37|) in Equation ()B.38|) (after correcting 

by a color factor 4/3), we arrive to Equation ()2.4|) . 
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Appendix C 
Integrals 



ci J™(i,j) 

From the identity: 

1 3, f 1 f l f l x 2 ydxdydz 



a&cd 7 7 Jo [(1 - x) d + x (1 - y) c + xy (1 - z) b + xyza] 



where a, b,c,d ^ 0; and setting: 

a = (K 2 — m 2 H ), b = (K 2 — m 2 ,), c = (K 2 — m?), d = (K 2 - m 2 ), 
it is found that 

1 



(K 2 - m 2 H f (K 2 - m?) (K 2 - m 2 ) 

1 /•! nl 2 



= 3! / / / xydxd^ (c 2) 

Jo Jo Jo [K 2 + x (m 2 — mf) + (m? — m 2 H ) — m 2 ] 

Introducing the last Equation in (|B.4)L we obtain 

iSH{i - j) = 3 'J!I!I! dxd ^I^wrw (C3) 

where 



M 2 = x (m 2 — m 2 ) + xy {m 2 — m 2 ^) — m 2 (C.4) 

Then using |3 j 

f d d K K 

/m = J (2vr) d (K 2 + 2P-K + M 2 + z e r = ~^ J ° (C ' 5) 
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d d K 



1 



(2n) d (K 2 + 2P ■ K + M 2 + ie) 

i(-^r(a-i) 1 



With n = 4, a = 4 and P M = 0, we get 



C.2 (lD (1) (i,j) 



Again, using the identity (|C.1|) for: 

a = (K 2 — m 2 H ), b = (K 2 — m 2 ^), c = (K 2 — m 2 ), d = (K 2 - m 2 ). 
we obtain the same integral ()C.7j) . but with 



M 2 = x (m 2 — mf) + xy (m 2 — m^y) + xyz [rn^ — m 2 H ) — m 
Once more, (jC.5|) implies 

C.3 (/r') (2) (M-) 

On account of (jC.l|) . we can write 

(4 W ) (2) (^') = 3! 7 V 
then, from [3] 




o ./o ./o 



(C.6) 



(C.7) 



(C.8) 



(C.9) 



dxdydzx 2 y I j — - — - — ^—r (CIO) 

' (2vr) 4 [K 2 + M 2 ] 4 V ; 



1 liva 



d d K 



K K K 



(27r) d [K 2 + 2P ■ K + M 2 + z e ; 

(M 2 - P 2 ^ 



P P P 



2(a-|-l) 



(C.11) 



With n = 4, a = 4 and P„ = 0, we get 



(/ Q w ) (2) (U) = o. 



(C.12) 



13 



C.4 I» w (i,j) 

Equation ()B.22j) can be written as: 



I HW (i,j) = 3\ [ [ f 1 dxdydzx 2 y [ z 

1 ' Jo Jo Jo J (2vr) 4 (K 2 + M 2 ) 4 



From (10.61) . we have 



d 4 K 1 



ITC 2 1 



(2vr) 4 (K 2 + M 2 ) 4 (27r) 3! (M 2 )' 



and then 



ITT 



2 /•! /-I /■! 



I HW (i i) - 

(27T) 4 




f(x, y, z)dxdydz 



o ./o Jo 



2 



where 

f(x,y,z) — 

[x (m 2 — rrif) + xy (m 2 — m 2 ^) + xyz (m^, — m 2 H ) 

Integrating (j(TT5|) . we obtain (jR2fi|) and (jR27j) . 



(C. 



(C. 



(C. 



- m 2 ] 
(C. 



C5 



Equation (jR28|) can be written as: 

I$F{i,j) = 3\ [ [ f dxdydzx 2 y 



JO JO 



d A K 



(2tt) 4 (K 2 + M 2 ) 



Using the integral |3j 



(C. 



'a/3 



d d K 



(27t) d (K 2 + 2P • K + M 2 + 



PaP/J + ktf (M 2 - P 2 ) \ 

2 



we obtain 



d 4 K K a K 



m 2 1 



(2tt) 4 (K 2 + M 2 ) 4 2(2vr) 4 3!M 2 
14 



^a/3 



(C. 



(C. 



and therefore, (jC.17|) becomes 

2(2tt) 

where 



4/3 = — Ti Vap / / / g(x,y,z)dxdydz (C.20) 

o ./o ./o 



[x (m? — m?) + (mf — m^) + xyz {rriy^ — m 2 H ) — m?] 

(C.21) 

After some long, but trivial calculations, we arrive to Equations ()B.28jl and 

flEH. 
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Appendix D 
A -> Z°7 decay 



As an example, we derive the expression for the width decay corresponding 
to the channel A — > Z 0/ y. The Feynman diagrams are given in Figure |D~T1 



D.l (a) i = e , fi , r , <i, s, 6 



In the unitary gauge, the invariant amplitude corresponding to the first Feyn- 
man diagram of Figure ID. II is: 



# 2 etan/3 v-^ Ar ^ f d d K 
M la = ' ; X x ' 



E Wfcm, / (T) 



4:TTI\y COS ^VK . 7 (27T 

i=d,s,b,.. \ 

X (K* - mt ?) [(K - P 2 ) 2 - m 2 ] [(K + P^ 2 - m 2 ] A ^ 

where 

T = Trace [Y {g\ - g\-f) (fi + m) Y (>K- A + m«) 7 5 (A+ A + 

(D.2) 

and /x* = /i^ 4 is a mass parameter. Qj and mi are the charge and mass 
of the particle i, and Ni is a color factor (iVj = 1 for leptons, iVj = 3 for 
quarks). Pi and P2 are the momenta of the Z° and the photon, respectively. 
Finally, e* and e\ v are polarization vectors. 
Using 

7 M 7 5 + 7V = 0, (D.3) 
7 M ^ = 2IC, (D.4) 
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Y 



Figure D.l: Feynman diagrams corresponding to the decay A — > Z ^. i = 
d, s, b, e~, t~ or u, c, t. 
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trace(odd number of 7 s) — 0, (D.5) 

trace {YY) = chf, (D.6) 

trace (YYYY) = d {rfrf ~ ifff + V^V vp ) , (D.7) 

trace (YYYYl 13 ) = -Aie^ \ (D.8) 

trace (j 5 YY) = 0, (D.9) 

and 

~K ~K = K 2 , (D.10) 

we can show that 

M 

T = dm t {-2g\P^ - -g l v e^P 2a P ip 

+g\ [-2KTg + 2 (P 2 ■ K) ^] - ^K 2 tT 

(rT (Pi • Pa) - P£P? + PfPJ) + m?<&T } (D.ll) 

From the identity |1] 



-L = 2 I' dx I' * ^ , (D.12) 

abc J J [ a (1 - x - y) + bx + cy] 6 



where a,b,c 7^ 0; and setting: 

a = (K 2 — m 2 ), b = [(K + Pi) 2 - m 2 ] , c = [(K — P 2 ) 2 - m 2 ] , 
we have 

1 

(K 2 - mj) [(K + Pi) 2 - mf] [(K - P 2 ) 2 - m?] 

= 2 / da: / — * (D.13) 

Jo Jo [K 2 - m? + m\x + 2K • {P x x - P 2 y)f 

putting K' = K + (PiX — P22/), and working in the rest frame of A , we get 
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Al- 



ia 



2g 2 etdJi(3d 
Am w cos 6 W 



i=d,s,t 



^ NiQimf dx dy 
'o Jo 



d d ~K' 4-7 

— ^{-2^P?K'" - 7 ^6^P 2Q P 1/3 - 2^P£K'" 



+2<&tT (P 2 • (K - (Pax - P 2 y) ) ) - <&tT ( K - (P x x 
+g* A rr (Pi ■ P a ) + m?^»T } 



K — 777.3 + m z x — m z x + 2 (Pi • P 2 ) xy 



-3 



* * * 

e lfi e 2uf i 



where we have used: P£e^ = 0, P^ = and P%e* 2u = 0. 
With the integrals [3]: 



KM 



[ K '2 _ m 2 + m 2 x (1 _ x ) + 2 (Pi ■ P 2 ) X?/] 



3-0, 



[K'2 _ m 2 + m | a , (1 _ x ) + 2 (P x • P 2 ) xy] c 



lo (x, y) , 



and 



/ 



K 2 

d d K' - 

[K'2 - 777,2 + m | x (1 _ 35) + 2 (Pi • P 2 ) xyf 

( . d [-m 2 + m|x (1 - x) + 2 (P x ■ P 2 ) xy] 



2 (2-f) 
where 

i r (3 -f) 



2 [-m 2 + m|x (1 - x) + 2 (P x ■ P 2 ) xyf~ d ' 2 ' 
we get 
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Mi 



2g 2 etan (3d 



la 



X 



/ , \"d Yl N iQi m2 i dx dyl (x,y) 
4? 

"7^^ e P2aPl/3 " 2 ^ (Pl ' ?2) x + 9%A ^ (Pl ' ?2) 



+™i <7a*T " <7>^™|z 2 + 2 (Pi ■ P 2 ) xyg^rT 
_ i » v d [-m? + m 2 z x (1 - x) + 2 (P_i ■ P 2 ) gy] 
^ 2 (2-f) 



e^/i* (D.19) 



The invariant amplitude corresponding to the second Feynman diagram 
of Figure ID. II (crossed diagram) is: 



M, 



2a 



g 2 etan/3 
Am w cos 6 W 



^ NiQiTUi / 



i=d,s,b 



d d K 



(Tra) 



x 



(K 2 - m 2 ) [(K - PO 2 - m 2 ] [(K + P 



- 2 ) 2 -m 2 



e^ e2 >* (D.20) 



where 



Tra = Trace [f(£ + m«) Y (<& ~ qW) 



(D.21) 



In a similar way, and after performing the calculation of the trace, we can 
show that 



M, 



2g 2 e tan (3d 



2a 



Am w cos 6\y (27r) 



rl pl—X 

^ NiQim 2 I dx I dyl (x,y) 
=d,s,b,~. Jo Jo 



x 



42 , 



d 



gW^V la V w + 2^rT (Pi • P a ) x - faT (Pi ■ Pa) 



-777. 



frW + <&*T ™l* 2 - 2 (Pi • P 2 ) ^<7> 



, [-m? + m\x (l-x) + 2 (Pi ■ P 2 ) xy\ 



(2-|) 

Adding Equations (|D~T9|) and (ITX22|l . we obtain 



e\/ 2v ^ (D.22) 
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Mu + m 2 „ = 4 ' g e Tf * r*p»Pu> 

mw cos 9w (27r) 



;>1 pl—x 

Y] NiQ#n*9v dx dyl (x,y) e^e^//* (D.23) 

J _ T Jo Jo 



i=d,s,b. 

In the limit cf — > 4, Jo 1/) is 

'2 



^7T 

J ° (X ' y) = ~2~ [-m? + m\x (1 - x) + 2 (P^ • P 2 ) xy] (D ' 24) 



Introducing 



1 nl-x 



JO 



Ii= / ote / t o - ; 2 — n \ I om — iT^ — ^y, (D.25) 



m i + (1 — x) + 2 (Pi • P 2 ) cct/] 



we can write 



M la + M 2a = 9 2 etanP ^p^p 

OTT^mw cos &w 

£ ^m^We^ (D.26) 



\i=d,s,b,. 



D.2 b) i = u,c,t 

In this case, the invariant amplitude is obtained from Equation ()D.26j) re- 
placing tan /? by cot /3, and then 

fl/f 4- M - 9 2eco *>(3 r nvaj3 v p 
Mib + M 26 — n — 6 -ria-T2/3 

J2 N^m^ylA e\/ 2v (D.27) 



\i=u,c,t 



D.3 Width decay 

The total invariant amplitude corresponding to the process A — ■> Z°7 is 

M = M la +M 2a +M lb +M 2b = ^ e^P la P 2/3 e^e^L(/3) (D.28) 

8n 2 m w cos 6% 
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where 



L(/3) = tan/3 ^ N^mjg^k + cot /3 J] N^m^h (D.29) 

i=d,s,b,... i=u,c,t 

The absolute value of the invariant amplitude squared and summed over final 
polarizations is 

S 4 e 2 



Since 



and because, 



M 



P p 25 
647r 4 ?7% cos 2 6V 



m 



2 ' 



A' 

e^ a/3 PiaPi M = 0, 



(D.30) 

(D.31) 
(D.32) 

(D.33) 



we obtain 



(D.34) 



M 



9 2 e 4 (Pi • P 2 ) 



327r 4 m 2 y sin 2 6 W cos 2 6*jy 

where we have used g = ej sin#w 

The differential decay rate corresponding to the channel A 



dT 



|M| 2 |P!|dfi 



327r 2 m 2 A0 



From the kinematics we can show that 

,2 



|Pi| 



m A0 - m 



2rriA° 



Pi • P 2 = - (m 2 AQ - m|) , 



(D.35) 

Z° 7 is 
(D.36) 

(D.37) 
(D.38) 
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and because, ^| = -^r- and a em = we can write 



327T 3 sin 2 ^vk cos 2 ^ V m A° 
With (Pi • P 2 ) given bv lTT38l the value of h is 



/ i=7^2 / ( r i. A i) ( D - 4 °) 
4m 



where 



/ {n, A,) = (/ (n) - / (A,)) , (D.41) 



Ami 



2 



m A0 



2 ' 


4m 2 
m 2 z 



and 



2 



2 [arcsin fx x / 2 )] 2 if x > 1 

if x < 1 



1/2 



(note that for x -C 1, we have / (x) ~ | [in (f ) + «7r] 



2 N 



Thus, we obtain 



r(A°->Z° 7 ) = v-^ A o / m 



(D.42) 
(D.43) 



5127T 3 sin 2 6*iy cos 2 ^vk V 771 A ■ 



tan/3 NiQ^I (n, Xi 

i=d,s,b,e~ ... 



+ cot /3 ^ iV.Q^I fa, Aj) | 2 (D.45) 



i=u,c,t 



The coefficients g\ are given in table I3~T1 (Chapter three). 

In Equation (jD.45|) . the dominant contributions correspond to the r~ and 
the b and t quarks. Thus, (|D.45|) reduces to Equation (|3.44jl . 
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